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PREFACE 


In the study of ions in gases a rapid advance was made after 
1913, when Bohr directed attention to their electronic energies; 
in fact, our knowledge of atomic ions is already nearing com- 
pletion. I have written the present book in the behef that a 
similar step forward may now be made for ions in solution, if 
their behaviour is interpreted by methods such as those which 
I have outlined here, and which I am elaborating in a sub- 
sequent volume. 

I should like to express my thanks for the help which I have 
received from Professor N. F. Mott in discussions of some of 
these problems. 

R. W. G. 


BrisM 1936 
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CffAjPf :|y!rv]F- 

§ 1. THE SOLVATION ENERG JN 

From a physical point of view any ion in solution is primarily 
an electric charge situated iu a dielectric medium. Any positive 
or negative charge so situated has certain properties which are 
independent of its internal structure. We will accordingly begin 
by enquiring what information can be gleaned from the text- 
books on electrostatics. These text-books discuss the energy of 
the charge on any conductor. We may, therefore, begin by 
replacing our ion by a small conducting sphere of roughly the 
same size, having the same charge on its surface. The most 
important step is to enquire whether it is necessary to do work 
in order to remove the charge from the dielectric to a vacuum. 
We wish to compare the energy of the charge in the dielectric 
with the energy which the same charge would have when situated 
in a vacuum. If the charge is at rest in each case, the whole 
energy will be potential energy. The text-books suggest two 
alternative ways of considering the energy of the charge on 
a conductor. In the first place, one may imagine the charge q 
conveyed to the conductor piecemeal, in small elements 
8^2 > • • ■ > a-nd one may evaluate the work in bringing these elements 
together against their mutual repulsion. The final energy stored 
up will be equal to the total work done. For a sphere of radius b 
this is found to be 


Alternatively, when we have any conductor bearing a charge 
q, we may regard the energy as belonging to the electrostatic 
field and as residing in the medium outside the conductor, there 
being a certain density of energy in every element of volume — 
that of Faraday’s tubes of force. The total energy is obtained by 
integrating over aU space outside the conductor. If at any 
point of an electrostatic field the intensity is E, the density of 
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energy at that point is E^ISn in vacuo. At a distance r from the 
centre of our spherical conductor the intensity E is by the 
inverse-square law equal to qjr^. The volume of a spherical shell 
being 4t7rrHr, the energy in the whole of space outside" the con- 
ductor is obt§^hed by integrating from r = 6 to r = oo , which gives 

sj, = (2). 

in agreement ■with the other method. The greater part of this 
energy lies in the region near the conductor where the field 
is most intense. If we draw round the conductor any larger 
sphere of radius r, the amount of energy in the medium outside 
this sphere will clearly be 

Now consider a medium of uniform dielectric constant K. 
Let there be in it a small spherical ca'vity of radius a, fig. 1, and 
within the cavity let us place our 
spherical conductor which has a 
slightly smaller radius b. Both argu- 
ments show that the energy of the 
charge will be smaller than it was 
for the same conductor in vacm.' 

Brom the first point of view, the work 
done in conveying elements of charge 
to the sphere -will be less, because 
the force of repulsion on the charge, while it is being brought 
through the dielectric, ■will be K times smaller than in vacuo. 
Brom the other point of view, for a given charge the energy in 
the surrounding medium will be less. Inside the cavity the 
intensi'ty is the same as before, but in the dielectric the intensity 
E a.t a distance r fi:om the centre will be now qjKr^-, and the 
density of energy will be 

KE^ _ 

Stt 

which is K times smaUer than in a vacuum. We do not need 
to pay any attention to the empty part of the cavity between 
r=b and r=a, since the energy here is quite unaltered by the 
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presence of the dielectric. We need take into account only the 
energy in the region occupied by the dielectric. This, obtained 
by integrating (3) from r=a to r=oo, is 

jL 

2Ka' 

In a vacuum, as we have seen, the energy outside any sphere of 
radius a would be q^l2a. Accordingly,, we find that when the 
charge is in the dielectric its energy is less than when m a vacuum 
by an amount 

(i_i\ (4). 

2a 2Ka 2a [ Kj ^ ’ 

In order to remove the charge from the dielectric into a vacuum 
this amount of work would have to be done. A calculation using 
the alternative method would, of course, lead to the same 
result. When K is large, the energy m the dielectric is almost 
completely annulled, in which case the value of (4) is nearly 
the same as q^l2a. 

In an atomic ion the positive or negative electric charge is 
not spread over the surface of a sphere, as in the conductor 
which we have been considering. But this does not matter, 
since the radius b of the conductor does not occur in (4); the 
charged body may ecLuaUy well have a structure of its own. By 
inserting suitable values of q, a, and K, we can use (4) to obtain 
an estimate of the work required to move an ion from a solvent 
into a vacuum.* As to the charge q there is no doubt ; for a singly 
charged ion we must insert the electronic charge e, 4*7 x 
electrostatic units, and so on. As for the size of the cavity, the 
solvent molecules are vibrating in contact with the ion; a large 
ion win occupy a bigger cavity than a small ion, and to obtain 
an estimate of the energy we may take the radius a to be 
2 X 10~® cm. or rather less. The values of K for a few solvents at 

* The most convenient unit for measuring atomic energies is the 
electron-volt, i.e. the energy acquired by an electron or proton in falling 
through a potential difference of one volt; this is equal to 1-59 x 10“^^ ergs. 
One electron-volt per molecule is equivalent to 23,050 calories per mol. 
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IONS IN SOLUTION 
room temperature are given in the first part of Table I. It will 
be seen that the values are so large that the factor (1 — 1/.^) 
differs little from unity. 

Inserting the above values we find that for a positive or 
negative singly charged ion the value of (4) is rather more than 
3 electron-volts. 

Tabie I 

Dielectiuc Constants at Room Temteratube 
Liquids 



K , 

1 

1— • 

Ethyl alcohol 

26 

0*96 

Methyl alcohol 

34 

0*97 

Water 

81 

0-99 

Solids 



Bock salt 

5*6 

0*82 

Potassiiom chloride 

4-7 

0*79 


We have reached a result of fundamental importance. Our 
estimate of (4) is certainly correct, although we have been using 
throughout the language of the classical text-book, which is 
artificial when .applied to ions in a solvent. In reality the 
dielectric consists of solvent molecules, among which the ion 
is situated. Nevertheless the values which we have obtained 
are certainly of the right order of magnitude. To remove a 
positive or negative ion from a solvent to a vacuum a large 
amount of work must be done. Conversely, if a free gaseous ion 
enters a solvent, an equal amount of energy is liberated. This 
is known as the Solvation Energy, and has a characteristic value 
for each ion in each solvent. 

Ikom one point of view it is satisfactory that we have been 
able to obtain a fair estimate of the solvation energies of singly 
and multiply charged ions without attributing any structure to 
the solvent. Por this has drawn attention to the fundamental 
nature of the solvation energy, and has shown how it arises 
from the mere fact that any electrolytic ion is a charge situated 
in a dielectric medium. It will be noticed further that not even 
the radius of the ion occurs in (4). Consider, for example, a 
proton introduced into a solvent. Although the radius ascribed 
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to the proton is many million times smaller than the radius of 
any ordinary ion like Li+, this will have no hearing on the value 
of its solvation energy, since the latter depends only on the 
cavity among the solvent molecules where the proton is situated. 

To give rise to the large difference in energy which we have 
found, there must he intense forces which oppose the removal 
of any charge from any dielectric. These forces are discussed in 
treatises on electrostatics. The image forces, which act on any 
charge held in vacuo near the surface of a uniform conducting 
body, are well known. In the same way, when a charge is held 
in vacuo near the surface of a uniform dielectric, it is attracted 
to the surface hy an image force, which is more intense the nearer 
the surface. For a point charge g' at a distance d from an inlfinite 

plane surface the value of the image force is ^ -j^ — j . Again, 


when the charge is situated within the dielectric near the surface, 
it is repelled from the surface farther into the dielectric ; i.e. the 
force is in the same direction as before. When, therefore, a charge 
is taken from a dielectric into a vacuum, work has to he done 
against both these forces at the 
hoimdary. For a small charged 
sphere at distance not too near to 
the boundary, the formula for a point 
charge wiU apply. Plotting the work 
done against the perpendicular dis- 
tance from the surface, we obtain 
a curve like fig. 2, where ABC is 
within the dielectric and GDE in the 
vacuum. We see now the connection between this argument and 
the previous treatment. For the height EF on the diagram is 
just the total difference in energy, that is the solvation energy, 
which has been investigated in the preceding paragraphs. 

Suppose now that a charge held at the point corresponding 
to E in fig. 2 is released. It will be accelerated into the dielectric, 
acquiring kinetic energy, equal at every point to the vertical 
distance between the curve EDCA and the line EG, which 


G £ 
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represents the total energy. The charge will acquire energy equal 
to the height QA ; in practice most of this energy will be at once 
dissipated as heat on collision with the molecules of the dielectric. 

§2. SOLVENT MOLECULES 

In the preceding section we have discussed the solvation energy 
from the poiut of view of classical electrostatics ; the next step is 
to investigate, from the point of view of atomic physics, what is 
taking place. Why, when we bring a small charge towards the 
surface of a dielectric, does it experience a force of this magni- 
tude? It has been found that liquid and gaseous dielectrics may 
be divided into two types; in one type each molecule has no 
permanent electric moment; in the other tjrpe the charge in the 
molecule is unevenly distributed, and each molecule behaves as a 
permanent electric dipole. In any molecule formed from two iden- 
tical atoms, such as Ng , the distribution of charge is naturally 
exactly symmetrical about the centre of gravity. On the other 
hand, for molecules such as HgO, HCl, and NH3 , where dissimilar 
positive charges are embedded in the common electron cloud, 
it would not be expected that the distribution of charge in the 
molecule would be such as to give zero electric moment. Though 
the particle as a whole is electrically neutral, one side of the 
molecule is more positive than the other, so that in an external 
field the molecule behaves as if it contained twin positive and 
negative charges at a fixed distance apart. The value of the 
dipole moment in electrostatic units will be of the order of lO-i®. 
For the “length” of the dipole will be of atomic dimensions, say 
10“® cm., while the twin positive and negative charges will be 
some fraction of the electronic charge, which is 4*77 x 10-^® e.s.u. 
The product will be of the order of 10"“. The values in Table II 
are deduced from measurements of the dielectric constant of 
the vapour. 

Tabib II 

DrpoiB Moment of Moleoule 

Water l'8xl0~“ e.s.u. Aramouia 1-6x10"“ e.s.u. 

Methyl alcohol 1-7 

Ethyl alcohol 1-7 
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Every substance ■whose molecules are of this kind has ;a much' 
larger dielectric constant than the other type, because when the 
substance is placed in any external electric field, its molecules 
tend to become oriented to some extent. Even in a field of some 
hundred thousand volts per centimetre this tendency to orienta- 
tion is quite small at ordinary temperatures, owing to the 
thermal agitation. The field near a positive or negative ion, on 
the other hand, is much more intense than this. Let us, for 
example, calculate the intensity at a distance of 10 Angstroms 
from a singly charged ion. We find 


e _ 4-77 X 10-“ 
^ ~ 10 - 1 * 


4-77 X 10*e.s.u. 


When we remember that one e.s.u. of potential is equal to 
300 volts, we, see that the field has an intensity of about 14 
million volts per cm. This is already much larger than any external 
field that we can apply to a dielectric; and at a point nearer to 
the ion, its field will be stiU more intense. 

The mo^t famihar solvents are liquids whose molecules are 
polar. We can thus see now roughly how the forces of attraction 
represented in fig. 2 arise. If a 
positive charge invacmis brought 
near the surface of a solvent, one 
or more of the nearest molecules 
will be swung round so as to point 
the negative ends of their dipole 
towards the charge, as shown in 
fig. 3. The positive ion is attracted 
by the negative ends of the di- 
poles, and is repelled by their 
positive ends. Since the former 
are nearer, the ion experiences a resultant attraction towards 
the surface ; a similar argument, of course, applies to a negative 
ion. This accounts for the curve of fig. 2. To calculate the exact 
form of this curve is at present an impossibly difficult problem, 
since one would have to take iato account the mutual interaction 




8 IONS IN SOLUTION 

of the solvent molecxiles and their thermal agitation . Fortunately, 
however, without takmg into account any mechanism, we can 
estimate the total change in energy, represented by the vertical 
height EF in fig. 2. This must be given roughly by (4) for any 
positive or negative ion, whatever processes are involved. If an 
ion is allowed to enter a solvent, approximately this amount 
of energy is dissipated as the heat of solvation. Conversely, to 
liberate solvent molecules from the influence of an ion, work will 
always have to be done. 

Consider now an ion in solution and moving about in the 
solvent with its normal Brownian movement. One or more of 
the solvent molecules in immediate contact with the ion may be 
attached to the ion and may accompany it. As the ion moves, 
however, a large number of other 
solvent molecules left behind in 
its wake are being removed from 
the field of its attraction, and 
work would have to be done, were 
not an equal number of similar 
molecules coming into its field 
in front. In fig. 4a an arbitrary 
sphere of influence has been drawn 
round the ion for two positions of the ion 0 and O’. As the ion 
moves from 0 to O' one shaded area clearly becomes replaced by 
the other equal shaded area, and the potential energy of the ion 
is unaltered. This conception suggests a way of visuahsing the 
repulsion from the botmdary which acts upon any charge within 
a dielectric — ^the repulsion which was mentioned above, and was 
represented _by the portion ABC of the curve in fig. 2. Let the 
horizontal line in fig. 46 represent the dividing surface between 
a solvent of dielectric constant K and a medium of smaller, 
dielectric constant K', which may, for example, be a vacuum. 
The ion approaching the botmdary clearly does not acquire as 
much energy in front as it loses behind. Its potential energy 
rises; that is to say, it is repelled from the boundary. 




§3. THE DISTRIBUTION OF THE ENERGY 

Before passing on, it will be worth while to point out one aspect 
of solvation which will be useful later. It has been made clear 
that the solvation energy depends on the fact that in the 
dielectric the energy in the electrostatic field is reduced every- 
where to IjK of its value in vacuo. But the only intense part of 
the field is that immediately near the charge; and almost the 
whole of the energy is situated here. Consequently, if the field 
near the charge is reduced by the factor IjK, it matters little 
whether the more distant part of the field is reduced or not. 
In other words, if a charge is immediately surrounded by a mere 
shell of dielectric, the energy is almost the same as for an ion 
surrounded by a dielectric of mfinite extent. This idea can easily 
be expressed quantitatively. The integral in (1) was taken from 
r = a to r = infinity. If instead we take it from r = a to some larger 
radius r=c, we obtain for the solvation energy, instead of 
q^jia (1 - IjK), the expression 



which reduces to the previous expression when c is large com- 
pared with a. And we see at once that if the thickness of the 
shell of the dielectric is equal to twice the diameter of the 
central cavity, that is, if (c-o) = 4ci, the value of the solvation 
energy is already 80 per cent of the value for an infinite dielectric 
given by (5). 

§4. IONIC CRYSTALS 

Before leaving the subject of dielectrics, we may consider briefly 
the other class of substances of which examples are included in 
Table I, namely, those crystalline solids which when dissolved 
give rise to some of the most important conducting solutions 
with which this book is to deal. Since 1920 the idea has become 
familiar that we may regard many inorganic solid salts as con- 
sisting entirely of positive and negative ions held in a regular 
lattice by electrostatic forces — the arrangement being such that 
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each ion has neighbours of opposite sign. In rock salt, for 
example, each positive ion is surrounded by six negatives, and 
each negative by six positives. If we fix attention on any 
particular ion we find that most of the electrostatic lines of force 
radiating from it, instead of extending out into space, come to 
an end upon the nearest neighbours of opposite sign. In fact, 
these nearest neighbours provide a little cavity for the ion, the 
field of the ion outside the cavity being mainly annulled. 

It is not useful to consider the removal of a single positive or 
negative ion from the interior into a vacuum, as we did for a 
charge within a liquid. But we may imagine a whole piece of 
crystal pulled to pieces and broken up into its component ions. 
There is a theorem in electrostatics about the work required to 
break up any system of electric charges in this way, which will 
be mentioned later. Here we may notice that when the ions are 
all separated and distributed through space at long distances 
apart, the electrostatic field of each ion wiU possess its maximum 
energy. Clearly, in separating the ions, a large amount of work 
must have been done to supply this energy. In respect of each 
of those ions which in the crystal occupied a roughly spherical 
cavity of radius % the energy supplied must have been 


(TO^e)® 

2 % 


(l-W, 


where K is the dielectric constant of the original crystal and rn^e 
is the charge on the ion. In respect of each of those ions, which in 
the crystal occupied a cavity equal in volume to a sphere of 
radius a^, the work done must have been 




{1-llK): 


and so on, if there are more than two species of ion present. In 
this way we obtain a good estimate of the total amount of work 
required to split up the crystal into its ions, which is known as 
its Lattice Energy. In the case of ions in solution we were able 
to speak of the solvation energy of each positive and negative 
ion separately. In a crystal composed of two species of ions 
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we shall express the lattice energy in electron-volts per ion pair. 
In a polyatomic substance the lattice energy is characteristic 
of the unit group of positive and negative ions from which the 
crystal is built up. 

The work required to remove n pairs of ions from a dilute 
solution is n times the solvation energy of one pair. But it is 
worth noticing that the expressions which were given in the 
last paragraph for the energy which must be supplied in respect 
of an ion in a crystal are not the same as the work required to 
remove the ion from the lattice, leaving the other ions in situ. 
If we have any system of charges 1, 2, 3, ... in fixed positions, 
with purely coulomb forces between them, and if the work to 
remove the first charge to infinity, leaving the other charges in 
situ, is and the work required to remove the second charge 
to infinity when aU the other charges, including the first, are 
present is w <^ , and so on — ^then the work to break up the whole 
system of charges and leave them at rest at infinite distances 
from one another is 

■I + + ••*) (^)* 

This result may be quickly verified in the case of two or three 
charges, and in text-books of electrostatics is proved for any 
number of charges. We shall make use of the theorem in a later 
chapter. 
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§ 1. ATOMIC IONS 

The Bohr theory of quantised energy levels provided a model not 
only for atoms, but also for molecules, and for ions, atomic and 
molecular, positive and negative. In his papers published in 
1913 Bohr himself applied the theory to atomic ions and to 
neutral molecules. The obvious extensions to molecular ions 
were made later. 

The reader will be familiar with the idea of quantised excited 
states in any atom. The most loosely bound electron in the atom 
may be raised to any of a series of states of higher energy (corre- 
sponding in the Bohr theory to larger and larger orbits), until 
finally the electron becomes free, leaving behind a positive ion ; 
the series of discrete levels has reached a limit at a certain energy 
equal to the ionisation potential of the atom. The process may 
be continued. The most loosely bound electron remaining 
behind in the positive ion may be raised to successively higher 
states— the excited levels of this ion — ^until this electron in turn 
becomes free, leaving behind a doubly charged positive ion. In 
this book we shall be less interested in the excited levels than in 
the energies of ionisation, J, etc., which are indicated in fig. 5. 

The atoms of some elements are capable of taking up an 
additional electron to form an atomic negative ion. The normal 
state of such an ion has a quantised energy, and a definite amount 
of work is required to remove one electron and leave it at rest 
in vacuo. This, the ionisation potential of the negative ion, is 
quite similar to the ionisation potential of any atom or positive 
ion, and may be denoted by J'_. An equal amount of energy is, 
of course, liberated when an electron at rest unites with an atom 
to form a negative ion. This amount of energy is sometimes 
known as the electron-affinity of the atom. It seems best, how- 
ever, to speak of the ionisation potential of the negative ion, to 
bring it into line with the other ionisation potentials. 
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In fig. 5 is shown part of the scheme of levels for a single atom 
in various stages of ionisation. For completeness we have chosen 
an atom capable of forming a negative ion. Starting at the 
bottom of the diagram, a certain amount of work has to be done 
to remove the supernumerary electron, yielding a neutral atom. 
The removal of another electron by the expenditure of more 
work brings us up to the ground level of the singly charged ion, 
and so on. Each successive step requires more work than the 
one which preceded it. In the first place the extra electron in any 

Ground state of the ion A'*"*' 

Excited states of the Ion A!" 

Ground state of the positive ion A*’ 

Excited states of the atom A 

Ground state of neutral atom A 
Excited states of the ion A” 

Ground state of negative ion A“ 

Fig. 5 

negative ion is lightly bound, and the work required to detach 
it is always less than the work required to detach one from the 
same atom when neutral, for the latter means separating the 
electron from the positive core. The work required to separate a 
negative electron from a positive ion will naturally be still 
greater, and so on. Starting, for example, with the chlorine 
negative ion, Cl~, we see from Table XI on p. 201 that it takes 
3-8 €- volts for the first electron, 13 e-volts for the second, 23 
for the third, and so on. The known values for the light elements, 
determined from their line spectra, are assembled in this table. 
There are still many gaps in our knowledge, as will be seen ; but 
values to within one e-volt can often be estimated for any 
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element from the known ionisation potentials of its neighbours 
in the table. Some of these values have been included in 
brackets. 

This table illustrates some familiar features of ionic structure. 


If we look to see where the highest values occur in the table, we 
find that in the neighbourhood of sodium the highest values fall 
on a diagonal, and belong to Ne, Na+, Mg++ and A1+++. AU ions 
lying on such a diagonal have the same number of electrons. 
Not only Na+, Mg++ and A1+++, but also the fluorine negative 
ion F~ have the same electronic configuration as the neon atom. 
Similarly the ions Cl", K+ and Ca++ have the same closed shells 
as the argon atom. More than half the ions which are familiar 
in solution are ions with a rare-gas structure. This is important 
for several reasons; for example, if we bring together two ions, 
like K+ and Cl“, there is almost no electronic interaction until 
there sets in a sudden repulsion like that between two inert 
argon atoms. It is ions of this type which form the ionic lattices 
mentioned in the previous chapter. 

An electron may be removed from an atom or from an ion by 
the absorption of ultra-violet light. When light of suitable 
wave-length is incident on an atom or ion, a quantum hv may 
be removed from the beam, and an electron simultaneously 
ejected from the atom. In this process of photo-ionisation the 


frequency of the incident light must be at least as great 


as vq, 

(7). 


Any wavedength on the high frequency side of vq may be oper- 
ative; hence in the absorption spectrum we have a continuous 
absorption band starting at a frequency vq, characteristic of the 
atom or ion in question. In the case of many negative ions, the 
ionisation potential is so small that the absorption band would 
be found to begin in the visible region of the spectrum, if the 
band could be observed. In practice we cannot obtain a suffi- 
ciently high concentration of these negative ions in any gas to 
locate this absorption. 

The removal of an electron from an atom or ion may be 
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pictured most easily by means of a potential energy diagram. 
Let us take first the hydrogen atom, and consider the potential 
energy of the electron along any straight 
line drawn through the proton; it will be 
simply — e^/r. With increasing distance r 
the attraction falls off, and the curve on 
either side becomes asymptotic to a hori- 
zontal line, fig. 6 a. Any horizontal line 
above this one represents the energy of a 
free electron. If such an electron is cap- 
tured by the proton to form a hydrogen 
atom, it will settle down eventually in its 
lowest quantised level, which may be represented on the diagram 
by a line AB at a depth of 13-53 e-volts (this being the 
ionisation potential of a hydrogen atom). 

It is only for the hydrogen atom itself that the potential 
energy curve is exactly -e^r. For other atoms the curve will 
resemble fig. 6 a, but will differ from — e^jr to some extent, owing 
to the presence of the other electrons. 

If we wish to consider the removal of an electron from a siogly 
charged helium ion, He+, the appropriate potential energy curve 
will be of course exactly — 2e^jr. For other singly charged posi- 
tive ions the curve will differ from this to some extent for small r. 

If we wish to represent in this way the removal of the super- 
numerary electron from a singly charged negative ion, we need 
to know its potential energy in the field of the neutral atom. In 
this case the force of attraction falls off much more suddenly 
after a certain radius. The curve, instead of tending to the 
horizontal, as 1/r, will become horizontal more suddenly as in 
fig. 66. Owing to the peculiar form of this field, few, if any, 
atomic negative ions wiU possess excited levels. They wiU show 
no line absorption spectrum, but only a continuous absorption, 
due to ejection of the electron. This restriction does not apply 
to molecular negative ions. 

In the case of atoms and atomic ions the absorption which 
gives rise to excitation always takes the form of a line spectrum ; 
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for most polyatomic molecules it consists of wide bands which 
cannot be resolved into lines; for diatomic gases the absorption 
spectrum can usually be resolved into lines, except when the 
gas is at bigTi pressure ; then the lines always become blurred and 
tend to form continuous bands of absorption. 


§2. MOLECULES AND MOLECULAR IONS 

If we remove an electron from an atom, we obtain a positive 
atomic ion. On the other hand, when we remove an electron 
from a molecule, in many cases we do not obtain a molecular 
positive ion, because the molecule immediately dissociates into 
its constituent atoms. If one valence electron is removed from 
a molecule, the bonding action of the remaining valence elec- 
trons is sometimes sufficient to maintain a stable positive ion, 
but for many molecular species it is not. As a result, whereas the 
spectra of many atomic ions are well known, the spectra of 
molecular positive ions have been studied in a few cases only, 
namely, N 2 +, O 2 +, (C0)+, (HC1)+, and certain hydrides, such as 
(ZnH)+. For some molecular species not only iordsation but 
even excitation causes the molecule to dissociate. For example, 
if an electron in the NaBr molecule is raised to an excited state, 
the bonding is so weak that the molecule may immediately 
dissociate into two neutral atoms. 

Although their spectra have not been observed, the existence 
of polyatomic positive and negative ions has been known for a 
very long time. When the mobility of ions in gases was first 
studied, it was found that both positive and negative ions often 
united with molecules to form polyatomic ions of lower mobility. 
It has since been shown that this combination is mainly with 
molecules of water vapour and other impurities present in the 

A molecule or molecular ion is stable because it requinss a 
certain amoimt of work to separate the nuclei. If we begin to 
separate a diatonic molecule into two neutral atoms, the attrac- 
tion between the atoms decreases very rapidly, as the distance 
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between the nuclei increases. Since the development of quan- 
tum mechanics we imderstand that the attraction between two 
neutral particles is due to the fact that, when two atoms are 
brought together, one or more electrons begin to circulate round 
both the nuclei; the resultant forces of attraction are usually 
known as “exchange forces”. In the case of any diatomic 
molecule or molecular ion, we may plot the potential energy 
agamst the distance apart of the two nuclei, and obtain a curve 
like the portion CDE of fig. 2, becoming horizontal as the 
attraction falls to zero . On the other 
hand, if we push the two nuclei 
nearer together, there is an intense 
repulsion between them. The curve 
rises again steeply, as FO in fig. 7. 

For the simplest molecules and 
molecular ions quantum mechanics 
enables us to calculate the shape of 
this curve. For other molecules we 
have empirical curves, whose constants have been deduced from 
the characteristic spectra. The interpretation of such a curve 
according to classical mechanics was as follows. To represent the 
constant energy of the system, we must draw a horizontal line 
on the diagram. The vertical distance between this line and the 
potential energy curve represents kinetic energy. If the hori- 
zontal line cuts the curve twice, as FH, this kinetic energy is 
kinetic energy of molecular vibration. The distance d between 
the nuclei oscillates continually between two extreme values, 
such as F and H, depending upon the total energy TJ of the 
system. The greater the energy, the wider the amphtude of 
vibration, until at a certain energy the atoms will fly apart. This, 
of course, can occur when the horizontal line representing TJ lies 
above the horizontal portion GB of the curve. 

The application of the Bohr principle of quantisation to this 
vibration wiU. mean that only certain values of U are allowed, 
giving a set of discrete levels. At low temperature nearly aU the 
molecules will be in the lowest level of the set, below which no 
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energy is allowed. The work required to separate the atoms 
completely from this initial level, AB, and to leave them at rest 
is known as the dissociation energy of the molecule. It is 
evidently equal to the vertical distance JJE ia. fig. 7. 

The number of molecules in a gas at temperature T which 


possess a certain amount of vibrational energy E will, by the 
Boltzmann Law, be proportional to This fraction is in- 

dependent of the volume in which the gas is confined. To find the 
number of molecules in a gas at temperature T which are dis- 
sociated into atoms, one cannot simply insert the dissociation 
energy into the Boltzmann factor, since the equilibrium will 
depend on the volume in which the gas is contained. At equili- 
brium the number of atoms recombining per second is equal to 
the number of molecules dissociating. Recombination results 
only from an encounter between two atoms, and the frequency 
of encounters depends on the pressure of the gas. For diatomic 
molecules behaving as a perfect gas, and possessing a dissociation 
energy D, the fraction a of the total number dissociated into 
atoms is given by* 


(1 — a) V 




( 8 ), 


where v is the volume, and factor A is a function of temperature 
depending on the masses of the atoms. If we compare various 
gases at the same temperature and pressure, those with a high 
value of D will be much less dissociated than those with a low 
value of D. If we consider a particular gas at a given tempera- 
ture, the right-hand side of (8) is constant ; any change in v is 
accompanied by a change in a. If we increase the volume, a will 
increase and tend towards unity. For any gas we can in theory 
make the dissociation approach 100 per cent., even at room tem- 
perature, though for a gas with a large value of D the requisite 
pressures are extremely low. In practice hardly any of the 
common gases give an appreciable amount of dissociation at 
room temperature, because the required pressures are too low. 


* Fowler, Statistical Mechanics, Chapter v. 
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We have been speaking so far of tbe dissociation of a molecule 
into neutral atoms. We sbaU be interested also in tbe dissociation 
of a polyatomic ion into an atomic ion and a neutral molecule, 
for wbicb again a characteristic amount of energy will be re- 
quired. In speaking of tbe dissociation energy of a molecule or 
molecular ion, we ought always to specify tbe particles into 
which it is being spbt; but this is usually clear from tbe context. 

When an electron in a molecule is raised to an excited level, 
tbe bonding between the atoms is generally different from when 
it was in its ground state. 

Tbe equibbrium distance between tbe nuclei may be altered, 
and tbe work required to dissociate tbe molecule may be less. 
In fact, tbe potential energy curve, fig. 7, may have quite a 
different shape from that characteristic of tbe unexcited mole- 
cule. Further, an ionised molecule will have a different curve 
from tbe same molecule when neutral. As a result of this, we 
need to define carefully what we mean by the ionisation 
potential of any molecule or molecular ion. 

Let ABCE be tbe curve for any neutral diatomic molecule, 
AB beiug tbe lowest vibration level. When tbe distance between 
tbe nuclei is large, that is, at E, we have 
two separate atoms. Let us ionise one 
of these atoms, removing the electron 
to infinity. The energy of tbe system 
has been increased by an amount equal 
to tbe work we have done, namely the 
ionisation potential c/ of this atom. In 
fig. 8 let tbe vertical distance EL be J. 

Now let us bring together the ion and 
tbe atom. If they form a stable positive 
molecular ion, we shall obtain a curve 
such as LKJHOE, possessing a set of vibration levels; let OH 
be tbe lowest of tbe set; then tbe vertical height of KL above 
OH is I>+, tbe dissociation potential of tbe molecular ion. 

By tbe ionisation potential of any neutral molecule we mean 
tbe work required to remove a valence electron and leave the 



Fig. 8 
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resulting positive moleculair ion in a specified, state ; but in wbat 
state? When an electron is ejected from a molecule, it leaves 
tbe molecule in an interval less than lO-i* sec. Compared with 
this, the period of vibration of the atoms along their Line of 
centres is long — more than lO-^^ gee. As a result, when the 
molecule is ionised, the separation of the nuclei scarcely changes 
during the actual escape of the electron. Or rather we should 
say that a transition implying a sudden change in the nuclear 
separation is relatively improbable ; this is known, as the Franck- 
Condon principle. Now a transition with unaltered nuclear 
separation means, on fig. 8, a transition with imaltered value of 
the abscissa. Vertical dotted fines have, therefore, been drawn in 
fig. 8 through A and B. 

If the molecule is initially in its lowest level AB, the least 
energy necessary to ionise it is that given by the vertical height 
of QR above AB. If we draw up a list for various molecules., it is 
this quantity which we shall tabulate as the characteristic 
ionisation potential. It is this quantity which determines’ the 
minimum energy that impinging electrons must have to eject 
an electron, and determines the minimum frequency that in- 
cident fight must have to produce photo-ionisation, i.e. it fixes 
the beginning of the continuous absorption spectrum. If, how- 
ever, the molecules are illuminated with a continuous spectrum, 
they will absorb much more heavily those shorter wave lengths 
whose hv corresponds more nearly to the height BB on fig. 8; 
for the transition from AB to FJ can take place without a 
sudden change in the nuclear separation. 

Let the vertical height of QR above AB be denoted by J , the 
characteristic ioifisation potential of the molecule from its 
lowest level. Fig. 8 shows clearly a relation between J, f, D 
and Since the vertical height of CE above AB is equal to I), 
the total height of EL above AB is equal to {J+D)-, but this is 
also equal to +L>+). We have then for any molecule 

''I \ / 

Let us consider in greater detail the formation of a diatomic 
ion from an atomic ion and a neutral atom. If the structure of 
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the ion is spherically symmetrical, and that of the atom the 
same, there is a unique potential energy curve like FOKL of 
fig. 8 . On the other hand, if either particle has a non -spherical 
structure, the potential energy vdll depend on the relative 
orientation of the atonaic axes. Since every system tends to go 
into its state of lowest potential energy, the atoms will take up 
the optimum orientation which leads to a curve FOKL with the 
deepest minimum. This is the only curve in which we are 
interested. 

A similar consideration applies to the formation of a triatomic 
ion from an atomic ion and a diatomic molecule (or from a 
neutral atom and a diatomic ion). There will be a particular 
configuration of the triatomic ion which has a lower potential 
energy than any other. The particles will spontaneously take 
up the configuration which possesses the deepest minimum, and 
we are not concerned with any other curve. If the molecule in 
question is a polar molecule, we can guess at once what is the 
optimum orientation. If we are bringing up a positive ion, the 
lowest potential energy will be when the negative side of the 
dipole is directed towards the ion. If we are bringing up a 
negative ion, the lowest potential energy wiU be when the 
positive side of the dipole is directed towards it. If the molecule 
is free to rotate, the particles wiH easily take up their optimum 
configuration. 

We should expect that polar molecules would show a marked 
tendency to form polyatomic ions in the way just described, 
when atomic ions are available. Powell and Brata* found 
evidence of such formation in studying the movement of 
positive ions through non-polar gases containing a small number 
of polar molecules as impurity. Thus sodium positive ions passing 
through nitrogen apparently attached themselves to ammonia 
molecules present as impurity, to form polyatomic ions 
(Na.NH3)+ as well as (Na.N2B[8)+; and in passing through 
hydrogen that had not been completely dried, the ]Sra+ ions 
appeared to combine with water molecules to form (ISra.HaO)^. 

* Proc. Roy. Soc. A, 138, 129 (1932). 
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Althoiigli we do not know the properties of such an ion in detail, 
there is no doubt that, if we could plot the potential energy 
against the distance between the sodium nucleus and the 
oxygen nucleus in the H2O molecule, we should obtain a curve 
of the usual molecular type ; at a certain distance the attraction 
changes over into the familiar intense repulsion. To remove the 
Na+ ion from such a complex requires a definite amount of work ; 
the dissociation energy of the molecular ion corresponds to the 
depth of the minimum of the potential energy. There is no 
doubt that the negative, polyatomic ions which are found in 
mobility experiments are formed in the same way, though these 
have never been studied in detail. 

It should be noted that these molecules, H^O and NH3, 
possess the same number of electrons as the neon atom. This 
fact is important, not only in the formation of polyatomic ions, 
'but also when water and liquid ammonia are acting as solvents. 
An ion like (Nra.HaO)^ presumably consists of closed electronic 
shells in contact. Por this reason the Na**" retains its identity, 
not only in this polyatomic ion, but also when, dissolved in 
water or other solvent whose molecules are similar. 

Prom the clustering which is found in these experiments it is 
known that an atomic ion in a gas can 
attach several molecules to itself. To make 
clear the nature of such a cluster, let us 
carry out an imaginary experiment in 
vacuo with a particular ion and a small 
number of polar molecules (not more than 
six). Starting with the polar molecules 
equidistant from the ion, fig. 9a, we bring 
them towards the ion from different 
directions, keeping them equidistant from 
the ion aU the time. If we plot in the 
usual way the potential energy of the 
system against the mutual distance d, we 
obtain a definite curve, which faUs owing 
to the attraction. At a certain small value of d, when the polar 
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molecules are close, the attraction will certainly change over to 
an intense repulsion, and the curve wiU rise again rapidly. The 
system is not essentially different from the simpler molecular 
ion described in the preceding paragraph. The curve again has 
the same shape as for a diatomic molecule, fig. 7. The minimum 
■will, of course, be deeper than when only a single polar molecule 
is present. 

Instead of starting with six separate polar molecules, we may 
start with six groups of polar molecules, enough to form an 
envelope round the ion two or three molecules thick. Bringing 
them together as in fig. 95, we shall obtain a potential energy 
curve of the same type, but with a mmimum somewhat deeper 
still, due to the additional contributions by the outer polar 
molecules. Each of these outer molecules, being situated in a 
weaker part of the electrostatic field, makes a smaller contribu- 
tion to the energy than the innermost molecules, which are in 
the most intense part of the field (compare § 3 of Chapter i). 
If we go on now to add large numbers of additional polar mole- 
cules, the minimum of the potential energy curve becomes only a 
little deeper, and its depth tends to a definite limit. We thus reach 
the conclusion to which the whole of this argument has been 
leading, namely that if the polar molecules which we are using 
are molecules of water or other solvent, 
and if we pack a sufficient number of 
them round the ion, the resulting aggre- 
gate is no longer to be regarded as a 
molecular ion, such as (Na.»H 20 )+, 
but as a Na+ ion in the middle of a 
minute drop of liquid. And the depth 
of the minimum of the potential energy 
curve, fig. 10, is now just the solvation 
energy of the ion in this liquid. Eor the energy of its electrostatic 
field has been cut down from the value in vacuo to the value 
characteristic of this particular solvent. 

In this way we are able to obtain a link with molecular 
physics. The electrolytic ion has all the properties of a poly- 
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atomic ion, witlii the solvation, energy taking the place of the 
dissociation' energy. In the potential vaUey of fig. 10 there will 
be a set of allowed levels, and the ion cannot have energy less 
than the lowest of these.- In any solution we can visualise each 
solvated ion as -vihratmg to and fro near the bottom of a deep 
potential valley of its own. At room temperature most will be in 
their lowest level, but a few wiU possess more vibrational energy 
than the rest, in accordance with the Boltzmann Law. 

We have now discussed ions in solution from three points of 
■^ew: (1) as charges moving in a continuous medium of dielectric 
constant K] (2) as charges moving in a liquid consisting of 
molecular dipoles; and (3) as atomic and molecular ions com- 
bining with molecules of the solvent to form polyatomic mole- 
cular ions, which will possess characteristic energy levels and a 
characteristic absorption spectrum. Each of these points of 
view wiU play a part in the folio-wing chapters. It must not be 
thought that, because (3) gives the most detailed picture,- (1) and 
(2) are to be discarded. On the contrary, it is important to bear 
in mind that the solvation energy is of a very general nature. 
As shown in Chapter i, its magnitude can be estimated from 
the idea of a continuous dielectric medium— a fact which should 
continually remind us of its fundamental nature, even when 
dealing with the polyatomic ions. 

In a solution, as the ions move about, the solvent molecules 
come under the influence of the ions. But if we consider a 
sufficiently dilute solution at any moment, we find that most of 
the solvent molecules are not appreciably affected by the 
presence of the ions at that moment. We can regard the solution 
as consisting of solvated ions moving about in pure solvent. On 
the other hand, in a more concentrated solution, where the 
amount of unmodified solvent is no longer large, the situation is 
much more complicated. Since any theoretical study must 
proceed from the simple to the complex, we shall be concerned 
in this volume with dilute solutions only. 
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§ 1. THE LATTICE ENEEGY OE IONIC CEYSTALS 

Although a few of the important electrolytic solutions are 
obtained by dissolving gases, such as HCl, the majority are 
obtained by dissolving crystalline solids, of a type which are 
electrical insulators. On the other hand, a large part of our in- 
formation about electrolytic ions is obtained by dipping metallic 
electrodes into the solution. In order to understand the processes 
involved, it is necessary to be familiar with modem ideas as to 
the structure of crystals, ‘both insulators and conductors. In 
this chapter, therefore, we shall review some of their most 
important properties. 

An ionic crystal such as rock-salt is an insulator at room tem- 
perature. Before the introduction of quantum mechanics one 
would have said that this was because the crystal is built up of 
positive and negative ions which caimot change places, and 
because each valence electron is permanently attached to a 
negative ion, from which it cannot move. Although quantum 
mechanics gives a different description of the insulating pro- 
perties, the final result is much the same as before; the electrons 
may change places, but in doing so they spend so little time in 
the neighbourhood of the metallic cores that the latter may still 
be regarded as positive ions bearing a charge almost equal to e. 
In the rock-salt structure each positive ion has as nearest 
neighbours sis negative ions, and each negative ion has likewise 
as nearest neighbours six positive ions. The electrostatic attrac- 
tion between these neighbours of opposite sign is, of course, 
stronger than the electrostatic repulsion between the more 
distant ions of like sign, with the result that the ions of the 
crystals are bound together. 

An estimate of the lattice energy of such a crystal was 
obtained in § 4 of Chapter i. The idea of calculating lattice 
energies was first developed by Born and Land6 in 1918 by an 
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entirely different method. We know that if we wish to compress 
a crystal, we meet with an intense repulsion and have to do 
work. If, on the other hand, we wish to stretch the crystal, 
we again have to do work. It is clear then that if the potential 
energy of the crystal at room temperature is plotted against its 
volume, the curve will resemble fig. 7. The minimum in the 
curve will occur at that volume which is the normal volume of 
the crystal at room temperature. 

We may imagine the crystal to be stretched or compressed 
uniformly in all directions — ^that is, in such a way that each 
interatomic distance changes in the same proportion. Instead 
of plotting the energy of the crystal against its volume, we may 
plot it against the interatomic distance r. We again obtain a 
curve with a minimum, like curve ABG of fig. 11. The minimum 
occurs at that value of r which is the normal lattice spacing at 
room temperature. 

Bom and Lande suggested that for crystals where both posi- 
tive and negative ions have the closed electronic shells of the 
rare-gas structure, this curve could be 
calculated by regarding it as the sum 
of two simple curves (7D and 
fig. 11. If we add the ordinates of the 
two dotted curves CD and we 

obtain the full curve ABC. CD repre- 
sents the repulsion between neighbours 
which sets in when the electronic shells 
come into contact. EFQ represents the 
simple electrostatic between all ions of 
opposite sign minus the electrostatic 
repulsion between aU ions of the same 
sign. As already noticed, there is a net attraction, because 
nearest neighbours are of opposite sign. The minimum of the 
curve AB occurs at that value of r for which this electrostatic 
attraction happens to be balanced by the non-electrostatic re- 
pulsion between ions in contact. In fig. 11 we are supposing the 
interatomic distance to change tmiformly in all directions, so 
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that the unit cell of the lattice changes in size but not in shape, 
the geometric configuration of the ions remaining the same 
throughout. Smce the electrostatic forces both of attraction 
and repulsion vary as 1/r^, the resultant attraction varies as 
1 jr^, and the potential energy as 1 jr. Consequently the ordinates 
of the curve EFQ are proportional to 1/r, like those of the 
curve in fig. 6a. 

The lattice energy of the crystal is the total work one has to 
do to separate the ions to large distances from each other. There 
are two ways in which we may suppose this to be done. Taking 
the ions off the surface of the crystal, we may remove them one 
by one to infinity. Alternatively, we may, using fig. 11, imagine 
the lattice-spacing to be increased uniformly in aU directions, 
so that the lattice preserves its arrangement even when the 
ions are sufficiently far from each other. The same amount of 
work must, of course, be done in either case. The total work that 
we have to do is clearly equal to the depth of the minimum of 
the curve in fig. 11; this, then, is equal to the lattice energy. 

We may notice that the minimum lies very little above the 
electrostatic curve EF (because the curve CD rises so steeply 
from a value near zero). IVom this fact, that the lattice energy 
is mainly electrostatic, we can draw conclusions about the 
lattice energies of different crystals of the same type. Suppose 
that fig. 11 gives the curve for a particular substance, say NaCl, 
and consider what wiU be the shape of the curve for a substance 
like ELBr or Rbl, which has the same crystal structure, but is 
built up of larger ions. The minimum will occur at a larger value 
of r, that is, farther to the right in fig. 11. Consequently the 
minimum will be shallower, for it must lie above the electro- 
static curve EE. As shown in Table XII a crystal composed of 
pairs of large ions has a smaller lattice energy than one of the 
same structure composed of small ions. 

Let us return now to the uniform expansion of any lattice. 
For the sake of a discussion to be given in a later chapter it will 
be convenient to consider here the intermediate stages in this 
expansion of the lattice. When a separation corresponding to 
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the point in fig. 11 has been reached, the interatomic distance 
is already four times the initial lattice spacing; work equal to 
the height DG has still to be done to complete the expansion; 
we know that this is rather more than 1/4 of the total lattice 
energy, since the ordinates of the curve EFG are proportional to 
1/^. Similarly, when the volume occupied by the extended 
crystal is 1000 times the normal value, the work still to be done 
will be rather more than 1/lOth of the lattice energy. This 
subject will be taken up again in Chapter vri in a discussion of 
ions in solutions. Here we shall pass on to the study of metals. 


§2. METALS 

Pieces of metal have usually a micro-crystalline structure ; that 
is to say, they consist of aggregates of crystals of extremely 
small dimensions packed together with random orientations. 
Whereas large single crystals of metallic salts have always been 
familiar objects, it is only since 1920 that much progress has 
been made in methods of growing large single crystals of various 
metals. In discussing any piece of metal, we shall not need to 
distinguish between one surface and another, for in every surface 
aU possible crystal ‘faces will be many times represented. The 
structure is, however, everywhere crystalline. It consists of 
positive atomic cores arranged in a regular lattice, while the 
valence electrons move freely among them. 

Lot us first consider a piece of metal which is electrically 
neutral. For brevity it is convenient to take a monovalent 
metal, like silver, where the positive core bears only a single 
c If we fix attention on a particular positive core, either 

m t e mterior or on the surface of the lattice, its positive charge 
IS on t e average neutralised by an equal negative charge. This 
negative charge is not the charge of any particular electron but 
IS ^ntributed by all the moving electrons which pass by. 

en an insulated metallic conductor bears a negative charge , 
1 means that the total number of electrons in the conductor is 
greater than the^ number required to neutralise the atomic 
posi ive cores which form the metal lattice. The electric charge 
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lies in the surface layer, but the electrons which are present in 
excess do not remain attached to any particular atoms. Simi- 
larly, if an insulated piece of metal bears a positive charge, it is 
because the total number of electrons in the conductor is smaller 
than the number required to neutralise all the positive cores of 
the lattice. But again it is not any particular surface ions of the 
lattice which remain unneutralised. Suppose, for example, that, 
starting with a piece of metal which is electrically neutral, we 
deposit on the surface a small number n of additional positive 
cores of the same element, each bearing a charge e. When the 
positive cores have taken up their places on the surface of the 
lattice, they participate fully in the free electrons of the metal 
on an equal footing with the other positive cores. The piece of 
metal as a whole now bears a charge which is distributed over 
its surface and no longer has any connection with the particular 
atomic cores which brought it to the metal. 

We can now begin to discuss the work required to split up 
any metallic crystal into its constituents. We have pointed out 
that if we fix our attention on a particular positive core of the 
lattice, there is no particular valence electron belonging to this 
core. Nevertheless if we detach one of the positive cores from 
the surface, one of the valence electrons usually comes away 
with it ; that is to say, we remove a neutral atom. The evapora- 
tion of liquid mercury in the form of neutral atoms is perhaps 
more familiar than that of solid metals. To detach a neutral 
atom from any metal, we have to do a certain amount of work 
against the forces of attraction which hold the atom in its place. 
This work has a characteristic value for each metal, and is 
known as the Sublimation Energy. 

On the other hand, we may imagine ourselves to be detaching 
a positive core from the surface of a metal without at the same 
time bringing away a valence electron with it; iie. a negative 
charge remains behind on the metal, and we obtain a free positive 
ion. When a positive core is being removed in this way, the forces 
of attraction will be of different intensity from the previous case 
where the core was accompanied by an electron, and the total 
work will be greater. Each metal will, therefore, • possess a 
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second characteristic quantity — ^the work required to detach a 
positive core, which we shall denote by the letter 7. This 
quantity is of more interest than the sublimation energy and 
we shall pay more attention to it. 

Consider a positive pore vibrating to and fro in its place on 
the smface of a metal, and suppose a straight line drawn per- 
pendicular to the surface at this point. Consider how the 
potential energy wiU depend on the position of the positive core 
on this line. On the one hand, going away from the surface, the 
forces of attraction fall off rapidly, so that the curve soon be- 
comes horizontal. On the other hand, if we attempt to push the 
atomic core inwards into the crystal from its position of equili- 
brium on the surface, we meet, of course, with 
an intense repulsion. The curve is, consequently, 
of the same shape as fig. 7 for a diatomic mole- 
cule. On the surface of a metal at room tempera- 
ture each positive core is vibrating near the 
bottom of a potential valley, fig. 12. The depth 
of the valley is the work required to remove 
the particle from its lowest vibrational level. Thus the dissocia- 
tion energy of fig. 7 is replaced by the quantity T if we are 
removing a positive ion from a metal surface. 

Conversely, if we bring a positive core up to the metal, the 
potential energy will follow a curve hike fig. 12 from right to left. 
If the core settles down on the surface in its lowest vibration 
level, we receive an amount of energy equal to 7. 

For the removal of a neutral atom from a metal or its deposi- 
tion on the surface, we shall have a curve similar to fig. 12; 
except that the depth of the potential vaUey is the sublimation 
energy S, instead of 7. In order to escape from the metal a 
surface atom in its lowest vibration level must acquire energy 
greater than 8. AU solid metals have so large a value of 8 that 
they exert only a very small vapour pressure at room tempera- 
ture. For every metal the value of 7 is still greater than that 
of 8. The relation between these two quantities will be deter- 
mined in Chapter xiv. 




31 


§3. ELECTRONS IN METALS 

We shall turn next to the behaviour of the valence electrons in 
metals. The electrical image force which arises between any 
charge and a metal surface has already been mentioned in 
Chapter i. If a piece of metal bearing no charge of electricity 
has been placed in a vacuum, and an electron is brought towards 
the surface and taken into the metal, the potential energy of the 
electron will be given by a curve similar to EDCBA of fig. 2. 
If we consider an electron taken through a slab of metal and 
out the other side, its potential energy will rise again at the other 
surface, the whole curve being a ‘^potential box’’ like fig. 13a. 



The depth of this box varies from about 6 €-volts for the alkali 
metals to nearly 20 e-volts for metals of high valency. If at 
ordinary low temperatures the free electrons possessed only 
small kinetic energies, of the order of kT as expected from 
classical theory, we should have to picture them in energy levels 
near the bottom of the box ; and the work required to remove an 
electron from the metal would be from 6 to 20 €- volts for the 
various elements. Both experiment and quantum theory, 
however, agree that most of the free electrons in any metal have 
much higher kinetic energies, even at absolute zero temperature, 
the energies of comparatively few of the valence electrons being 
near the bottom of the box. The majority of the electrons cannot 
fall down into these low energy levels, because by the Exclusion 
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Principle each level can accommodate a strictly limited number 
of electrons. We have then a wide band of electrons filling about 
two-thirds of the potential box, as in fig. 13. At absolute zero 
temperature there is at the top of this band a sharp division 
between levels which are completely full, and levels above, which 
are completely empty; the highest occupied level is known as 
the critical level of' the metal; below this level there are no 
vacant levels, for, if there were, electrons would immediately 
faU down into them. 

In fig. 136 the ordinates correspond exactly to those of 
fig. 13 a, while abscissae give the number of electrons per unit 
energy range. The fuU curve shows the distribution of electrons 
at absolute zero temperature, with a sharp cut off at the critical 
level. The dotted curve shows the distribution of electrons at a 
high temperature; some have been thrown up by the thermal 
agitation into levels above the critical level, leaving an equal 
number of levels vacant below. According to the Fermi-Pirac 
statistics the number of electrons having energies lying between 
E and E + dE proportional to 


dE 


( 10 ), 


where Eq is the energy of the critical level. Upwards from the 
critical level the number of electrons falls off at a rate nearly 
the same as that given by the usual Boltzmann factor. This 
decrease is so rapid that if the curve for room temperature were 
drawn on the diagram, it would be indistinguishable from the 
curve for absolute zero temperature. It is not any particular 
electrons which inhabit the high levels above the critical level, 
but there is a continual interchange ; through collisions a certain 
population of electrons with high energy is maintained, just as 
among molecxdes in the kinetic theory of gases. 

The work required to remove an electron from the critical 
level of a metal and to leave it at rest in a vacuum is known as 
the electronic work function of the metal, and will be denoted 
by For each metal ^ has a characteristic value, varying from 
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about 2 e- volts for the alkali metals to more than 6 e- volts for 
platinum. For most metals the value of ^ hes between 3 and 
5-6 e-volts. If, instead of removing an electron from the critical 
level, we reniove one from a lower level, an electron will im- 
mediately fall down into this vacant level; the Imal state of the 
metal will be the same as before, namely with a vacancy at the 
critical level. 

Suppose now that an electron is placed at rest in a vacuum 
near the surface of a piece of metal whose temperature is near 
the absolute zero. The electron will be drawn by the electrical 
image forces into the metal, where it wiU have a kinetic energy 
greater than the electrons resident in the metal. By collision 
energy wiU be lost and the electron will faU to a lower level. It 
cannot faU to a level lower than the critical level, because the 
lower levels are already full. The electron wiU accordingly settle 
down at the critical level, and the total energy that has been 
hberated is equal to <f>, the work-function of the metal. The same 
wUl be true if the metal is at room temperature ; although there 
are now some vacant levels below the critical level, the thermal 
agitation must keep a definite fraction of these empty, and again 
the energy liberated is 

§4. CONTACT POTENTIAL DIFFERENCE 

From the values given in Table XIV it will be seen that the 
electronic work functions of the various elements range from 2 to 
more than 6 e- volts. Consider what will happen when pieces of 
two different metals are brought near together. For this purpose 
we need to know the potential energy of an electron along a 
line drawn through the two pieces of metal. The required curve 
is obtained by joining together two curves like fig. 13 a, one with 
a smaller work-function than the other; the initial condition is 
thus given by curve a of fig. 14.' It wUl be convenient to suppose 
first that the pieces of metal are at very low temperature, so that 
there is a clear demarcation between the electronic levels which 
are completely fuU and those above which are completely empty. 

According to classical mechanics electrons carmot pass from 
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one potential box to the other unless they are given sufficient 
energy to enable them to pass over the intervening potential 
barrier with positive kinetic energy. Quantum mechanics, on 
the other hand, allows them to pass through the intervening 
region, where their kinetic energy would be negative. When the 
gap is small, an electron can pass from one metal into any vacant 
level of equal energy in the other metal. The electrons are, of 
course, unable to pass to levels of higher energy, since energy 
must be conserved. 

Consider then what wiU happen when the two pieces of metal 
of fig. 14 are brought near together. As soon as the distance 
between the metal surfaces falls below 
about 15 Angstrom units electrons 
begin to stream from A to the vacant 
levels in B. This is not balanced by 
a similar stream from B to A, since 
there are no vacant levels in A of 
the same energy as the occupied 
levels in B. Owing to this transfer of 
electrons the surface of A gradually 
becomes positively charged and the 
adjacent surface of B negatively charged, owing to which an 
electrostatic field grows up in the space between these charged 
surfaces. As soon as this field appears, the curve a of fig. 14 no 
longer represents the potential energy of an electron along a line 
through the metals, for the potential energy of an electron in 
this field must be superposed on the initial energy. In the gap 
between A and B the curve must now be sloping instead of 
horizontal. The ordinates of a curve like curve b must be added 
to the ordinates of curve a. The escape of electrons from AtoB 
will clearly go on until this slope is sufficiently large to bring 
the top of the occupied levels of A opposite to the top of the 
occupied levels of B, as in curve c of fig. 14. The flow of electrons 
into B is then automatically stopped and the whole will be in 
equilibrium. 

In the preceding paragraph we supposed the pieces of metal 
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to be at very low temperature. At room temperature the dis- 
tribution of the electrons is so nearly the same, that a separate 
discussion will scarcely be necessary. Passage of electrons from 
A to S and from B to A are both possible at first, but the former 
is enormously predominant unth the condition of fig. 14c is 
brought about by the growth of the electric field in the gap. 
Then the number of electrons passing in each second from .B to 
A is equal to the number passing from A to B. 

We should expect then that when we put into contact pieces 
of two metals whose work-functions are different, the metal 
with the larger work-function would become negatively charged 
with respect to the other. In fact, we should be able to obtain 
a series, if we arranged aU the metals in the order of the values 
of their work-functions. This is the explanation given in 1906 
by Einstein* for the well-known contact potential difference 
between metals. The metals can be arranged in a series such 
that on contact each member in the series becomes negatively 
charged with respect to the member preceding it. 

The electrons which escape from A do not spread through B 
to any large extent, because the positive charge left on A holds 
them on the adjacent surface of B by its attraction. The two 
charged surfaces, in fact, form an electrical double layer. It is 
evident from fig. 14® that the strength of the double layer which 
gives equilibrium is equal to the difference between the two 
electronic work-functions, {4>a — 4>b)> when the potential 

difference has this value, the critical level of one metal is brought 
opposite the critical level of the other. Thus, when a piece of 
platinum is put into contact wdth a piece of alkali metal the 
contact potential difference will amount to about 4 volts. 

Contact potential differences are additive. If the metals A 
and B are put into electrical coimection, not by direct contact 
but by inserting a third metal C between them, the potential 
difference between A and B is the same as before. This clearly 
must be so, since 

* Annalen d. Fhysik, 20, 204 (1906), 


( 11 ). 



36 IONS IN SOLUTION 

In tlie discussion of the Volta effect above, each of the pieces 
of metal, A and B, was supposed to be electrically neutral at 
the beginning. Consider next what will happen when one of the 
pieces of metal bears an electric charge — either an excess or a 
deficiency of electrons, which is distributed over its surface. 
Before the pieces of metal are brought together there will be an 
electrical field between them and the line representing the initial 
potential energy of an electron, fig. 14, will be sloping in the 
gap. When A and B belong to the same element, aU that happens 
on contact is that the charge is shared by a passage of electrons 
from one to the other, and the initial difference of potential 



between them disappears. The charge becomes distributed over 
their external surfaces, and there is no charge at the interface 
of contact. When A and B belong to different elements, the 
spreading of this charge over the external surfaces does not in 
any way affect the necessary levelling up of the electron levels, 
as in fig. 14c, by means of a double layer at the interface. The 
two effects are quite independent; that is to say, the sign and 
magnitude of the double layer bears no relation to the sign and 
magnitude of the initial potential difference that there may have 
been between the pieces of metal at the begirming, due to a 
charge possessed by either of them. 

A contact potential between two metals may be demon- 
strated and measured by using parallel plates attached to a 
quadrant electrometer. Two plates, A and B, fig. 15, form a 
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parallel-plate condenser, whose capacity can be varied by 
altering the distance between the plates. A is connected to one 
pair of quadrants of the electrometer, while B can be earthed or 
raised to any potential by means of the potentiometer P. We 
wiU suppose first that A and B are of the same metal. A is con- 
nected to earth and then insulated. It is found then that move- 
ment of B towards A gives a deflection of the electrometer 
needle, if there is any difference of potential between B and A, 
but has no effect while B is earthed. On the other hand, if the 
plates A and B are of different metals, movement of B towards 
A gives a deflection, even when B is earthed, showing the 
presence of the contact potential difference. 

At the moment when A was earthed, it was put into electrical 
contact with B through the earthing wires. It does not matter 
of what metal these wires are composed, for, by the additive 
principle already mentioned, the contact potential between A 
and B is the same as if they were put into direct contact. But it 
wfll be more convenient to suppose that the connecting wires are 
all of the same metal as the plate A, so that there is direct con- 
tact between metal A and metal B. At the moment when this 
contact was made the electrons which passed across from one 
metal to the other set up the characteristic double layer at the 
metallic contact. At the same time an electrostatic field grew 
up in the gap between the condenser plates. The method depends 
upon the fact that (in the absence of any additional spurious 
double layer) the total drop of potential in this field is equal and 
opposite to that in the double layer at the metallic contact. This 
must clearly be so, since no difference of potential inside the 
conductors can exist, and the total change of potential on going 
round the whole circuit must be zero. 

When the movement of the electrometer has been observed, a 
small potential of opposite sign can be applied to the plate B by 
means of the potentiometer, and can be increased until the 
electrometer ceases to register any effect when the capacity of 
the condenser is altered by moving one of the plates. When this 
condition has been reached, we know that the electrostatic 
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field in the gap between the plates has been reduced to zero. 
The applied potential is equal to the characteristic contact 
potential difference for the pair of metals under examination. 

The method described is essentially a method of detecting the 
presence of an electrostatic field in the gap between the metal 
plates A and B. An alternative way of doing this would be to 
place the apparatus in a high vacuum, and to detect the field by 
introducing into the gap some free electrons from a thermionic 
filament. The modern methods based on this idea have the 
advantage that the metal surfaces may be thoroughly cleaned 
by heating in vacuo. 

One of the most important sections in any complete study of 
electrolytes must deal with the part played by electrolytes in 
generating electromotive force. Any battery or ceU consists 
essentially of a number of metallic and electrolytic conductors 
connected in series. According to an elementary principle of 
electrostatics, when no current is flowing there can be no 
difference of potential anywhere in the interior of any of these 
conductors; if, therefore, there is a difference of potential 
between the terminals of the cell, this must be due to the 
presence of an electrical double layer at one or more of the 
junctions between the conductors. We have just seen how a 
double layer arises at the contact between any two metals, and 
in later chapters we shall have to consider in detail the various 
ways in which an electrical double layer may arise at the inter- 
face between a metal electrode and a conducting solution. In 
order to describe correctly the processes taking place in cells, 
it is necessary to have a clear understanding of the general 
properties of electrical double layers ; in § 5 we shall begin by 
considering their electrostatic properties. 

§5. ELECTEICAL DOUBLE LAYEES 

Classical electrostatics, neglecting the atomic nature of elec- 
tricity, considered each of the planes constituting a plane 
double layer to be continuous sheets of charge of the same den- 
sity, but of opposite sign. The form of the equipotential surfaces 
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for such a pair of planes situated in otherwise field-free space is 
shown in fig. 16a. It is clear that a plot of the electric potential 
along any line such as OP will look like curve b of fig. 16. The 
sharp step up in the centre of this curve shows the work required 
to convey unit charge from one side of the layer to the other ; the 
work being measured by the number of equipotential lines which 
have been crossed once. In molecular double layers the distance 
between the charged surfaces is one or more molecular dia- 
meters, and we are concerned with the work required to move 
an electron through a distance of a few Angstroms. 



Fig. 16 


The electrical double layers which occur in nature resemble 
these ideal types, except that each “ charged plane ” is, of course, 
not a continuous sheet but a distribution of separate charged 
particles. These particles may be rather sparsely distributed over 
the surface, forming only a fraction of a monatomic layer, and 
it looks at first sight as if we could convey an electron through 
any of the gaps between the charged particles without doing 
so much work as by another route. Closer examination, however, 
shows that this is not so. The equipotential surfaces of a single 
electrical doublet are illustrated in fig. 17a. In fig. 176 is shown 
a double layer formed from three similar doublets. In the dia- 
gram while some equipotential lines still encircle each charge, 
four equipotential lines of each doublet have become linked, and 
run up the middle between all three pairs of charges. In a 
double layer formed of any number of similar doublets such lines 
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would run the whole length of the layer. Now it is clear that the 
difference of potential between the points 0 and P is the same 
as that between the points Q and B. On going from QtoR one 
cuts more equipotential lines, but the number of lines which are 
crossed once is the same, namely four, and this is aU that matters. 
The strength of a double layer like that in fig. 17 has a value 
quite as definite as that of the 
double layer in fig. 16. The 
strength will, of course, depend 
on the distance between the di- 
poles. If the same three dipoles 
were placed somewhat nearer to- 
gether, another equipotential line 
on each side would be linked up, 
giving a layer of greater strength ; 
if they were placed somewhat 
farther apart, one of the Imked 
equipotential fines would fail to 
join up, giving a smaller potential 
difference. Equal charges spread regularly over the two surfaces 
give rise to a double layer, whose strength is the same as for two 
continuous sheets of charge possessing the same charge density. 
For the purpose of estimating the difference of potential across 
the layer, one can, therefore, forget that the charges are atomic, 
and consider only the density of charge per unit area. Further, 
we must notice that a number of charges all of one sign lying on ■ 
a plane near a metal surface 'will induce their electrical images in 
the metal and give rise to a double layer. Outside the metal 
surface the equipotential fines will be like the right or left half 
of fig. 176. 

It is important to have some idea of the number of electronic 
charges per unit area which are required to give a double layer 
possessing a potential difference of one volt. The charge per unit 
area is equal to the product of the potential difference and the 
electrostatic capacity per unit area. The latter is the same as for 
a parallel-plate condenser, namely Z’/47rd, where d is the distance 
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between the plates. In practice the distance between the layers 
cannot be less than an ato m ic diameter. ■ Setting d equal to 
2 Angstroms, we may estimate N the number of electronic 
charges per unit area required to produce a potential difference 
of one volt. Since 300 volts are equal to one e.s.u., we have 


N = 


K 

ind . 300e 


( 12 ). 


Putting K=l, we find iV = 3 x 10^®. For many elements the 
number of atoms in a monatomic layer is about 10^®. We see then 
that a double layer of strength as great as one volt may be pro- 
duced by quite a sparse distribution of charged particles, if 
these are electrons or bear the full electronic charge ± e. It will 
be convenient to drop the study of double layers at this point, 
and take it up again in § 7. 


§6. NEUTRALISATION OF IONS AT AN ELECTRODE 
In later chapters we shah, have to consider in detail the action of 
metallic electrodes dipped into solutions containing positive and 
negative ions. This study wiU be made easier if we first clear the 
ground by discussing the behaviour of metallic electrodes in an 
ionised gas. The investigation of ions in gases was begun in the 
last century by introducing into the ionised gas two pieces of 
metal, between which a difference of potential was maintained. 
It was found that the negative ions, after moving in the field, 
gave up their charges to the positive electrode, while the positive 
ions gave up their charges to the negative electrode; after which 
the neutralised molecules were presumably at liberty to behave 
as ordinary gas molecules. As people at that time were familiar 
with the transfer of electric charge from one conductor to 
another, the transfer of charge from an ion to an electrode was 
taken as a matter of course, and did not attract attention. We 
know now, however, that if we speak of a positive ion “giving up 
its charge” and moving away as a neutral atom or molecule, we 
mean that the ion has captured an electron from the metal. 
The only possible levels into which the electron can be captured 
are the vacant quantised levels of the ion, and we are, therefore. 
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led to enquire how this transfer of an electron takes place. Con- 
versely when a negative ion gives up its charge to the electrode, 
the electron must enter a vacant level of the metal. 

In § 3 we considered a free electron near a metal surface. 
Suppose now that in a vacuum near a metal surface we have not 
a free electron, but a free negative atomic ion. Consider a line 
drawn perpendicular to the metal surface and passing through 
the centre of the ion. The potential energy of the supernumerary 
electron in the field of its atom is given by a curve like fig. 66. 
The required potential energy curve is to be obtained by joining 
together the flat portions of 
fig. 66 and of fig. 13 a. The 
supernumerary electron is in 
a level at a depth J _ . Suppose 
now that we transfer this 
electron to a vacant level in 
the metal. In removing the 
electron from the ion we do 
work J _ ; in putting it into 
a level near the critical level 
we receive energy If then 
^ is less than we shall 
have to do a net amount of 
work equal to — In 
fig. 18a the opposite case is illustrated, where ^ is greater than 
When we transfer the electron to the metal, a net amount 
of energy is liberated. 

It will be seen that between the ion and the metal there is a 
potential barrier hke that which we had in fig. 14 between the 
two pieces of metal. According to classical mechanics the elec- 
tron could not escape from the ion unless it received the neces- 
sary energy. But we saw in fig. 14 hPw in quantum mechanics 
an electron can pass through a potential barrier to a level of 
equal energy on the other side, provided that this level is 
vacant. The same thing will happen here, as soon as the ion 
comes near enough to the surface of the electrode. 
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It was mentioned in tlie preceding chapter thatinmostnegative 
ions the supernumerary electron is very lightly bound, the value 
of J _ being less than 4 e-volts. Among the metals most used for 
electrodes the value of (j> lies between 4 and 6-5 e- volts. The con- 
dition “^greater than represented in fig. 18a is, therefore, 
the normal one. The occupied level of the negative ion lies 
above the critical level of the metal, and consequently lies 
opposite to levels which are almost completely empty at room 
temperature. The process described is presumably the ordinary 
method by which gaseous negative ions are discharged at an 
electrode. In the converse case where <f> happens to be less 
than the occupied level of the negative ion comes below the 
critical level of the metal and consequently lies opposite to 
levels which are almost completely full at room temperature. 
The electron caimot escape to a level near the critical level with- 
out violatiug the conservation of energy. What happens in this 
case will be discussed in § 7. 

We may study now the discharge of a singly charged positive 
atomic ion at an electrode. Take once more a fine perpendicular 
to the metal surface and passing through the nucleus of this ion. 
The required potential energy curve is to he obtained this time 
by using fig. 6a in place of fig. 6ft; that is, by joiniug together 
the fiat portions of fig. 6a and %. 13a. The positive ion possesses 
a number of vacant levels — ^the ground level and the excited 
levels. Since the excited levels do not concern us here, we shall 
refer to the empty ground level of the ion as the vacant level ; it 
hes at a depth J. Between the ion and the metal there is again 
a potential barrier through which an electron can pass, fig. 18ft. 
The question is whether the vacant or the occupied electronic 
levels of the metal come opposite to the vacant level of the ion. 
For most elements the value of ^ is greater than 6 e-volts, so 
that the vacant level of the ion will lie below the critical level of 
the metal, and the direct capture of an electron can take place. 
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§7. DOUBLE LAYER ON A METAL 

For comparatively few metals has the value of the characteristic 
work-function been measured with high accuracy. The values 
obtained by the thermionic and photoelectric methods for any 
metal should be identical; for few metals only, however, is the 
agreement satisfactory. This is due to impurities present on the 
surface of the metal. 

In § 2 it was shown how a metal consists of a lattice of positive 
cores situated in a cloud of free electrons. And it was explained 
how all the positive cores of a pure metal participate equally in 
the free electrons, because the cores are all identical. Suppose 
now that cores of some other element are present in the metal as 
an impurity. There is now no reason why these cores should 
participate in the free electrons to the same extent, even if they 
have the same valency. In general they do not ; that is to say, 
round each foreign positive core the electronic density is either 
lower or higher than round any core of the metal itself. This fact 
is extremely important when some of the impurity in question 
is scattered over the surface of the metal. If each adsorbed core 
receives on the average too small or too great a share of free 
electrons, the resultant charges, together with their electrical 
images, give rise to an electrical double layer over the surface. 
By depositing a known number of atoms of some foreign element 
on to a metal surface, a double layer of any desired strength can 
be formed at will, and its behaviour can be investigated under 
controlled conditions. It is largely owing to the study of double 
layers of this kind that we can speak with some confidence of 
the structure of the double layers occurring in electrochemistry. 

When each adsorbed atom receives too small a share of the 
free electrons and consequently bears on the average a small 
positive charge, these charges together with their electrical 
images in the metal give rise, as in fig. 17, to a double layer, of 
which the inner layer is negative and the outer layer positive. 
On the other hand, adsorbed atoms of some elements, such as 
oxygen, receive too large a share of the electrons ; the situation 
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is reversed, and the double layer is negative outwards. Although 
the charge possessed by each adsorbed atom will he only a 
fraction of an electronic charge, the calculation given in § 5 has 
shown that a large effect may he produced by a number of 
adsorbed atoms which form only a small fraction of a monatomic 
layer. When a double layer is present, the amount of work 
required to remove an electron from the interior of the metal 
win obviously be different from the value for the same surface 
when clean ; the effective work-function of the metal is altered. 
To represent the condition at the surface we have only to use 
fig. 13a and proceed to add the ordinates of a curve, as in fig. 14. 

In fig. 18 we were dealing with a clean metal surface. We may 
now modify this diagram to represent the approach of an ion to 


a metal electrode which is covered 
with an adsorbed film. Suppose 



first that the double layer is nega- 
tive outwards. Taking the curve 
of fig. 18, we must add to it the 
ordinates of a curve hke curve a 



of fig. 19, giving curve b. Neglect- 
ing at first the presence of the ion, 
let us consider the metal surface. 

The effective work-function of the 
metal has been increased. If the 
strength of the double layer (the 
difference of potential across the 
layer) is F, the work required to remove an electron from the 
metal is now ^ + eV. On the other hand, if the double layer on 
the metal is positive outwards, we must add the ordinates of 
curve c, giving curve d; the effective work-function has been 
diminished by an amount eV. 

Pig. 196 shows how the electronic level of the ion is raised 
relative to the electronic levels of the metal; in the diagram the 
level of the ion has been raised above the critical level of the 



metal. In fig. 19d the electronic level of the ion has been 
lowered below the critical level of the metal. 



CHAPTEB IV 


§1. REMOVAL AND DEPOSITION OF METALLIC IONS 

Mention has already been made in Chapter n of the stability 
in vacuo of such ions as {Na.NHg)^ and (Ag.H 20 )+, formed by 
the union of a free metallic positive core with a neutral polar 
gaseous molecule. We do not know the amount of work required 
to remove the metallic core from the molecule, but the value is 
doubtless of the order of one e-volt for a single charged core. 
This dissociation energy may be visuahsed as the depth of 
a potential valley like that of fig. 7 ; the polar molecule provides 
a vibrational level for the ion at a depth D. These polyatomic 
ions were introduced in Chapter n because, By the addition of 
further solvent molecules, as in fig. 9, we can make a gradual 
transition to a solvated ion. In this chapter we shall follow 
up the study of metals by first considering an ion like (Ag . HaO)^ 
in relation to a metal surface. We shall do this with the intention 
of making in a later section our gradual transition to a solvated 
ion near a metal surface. 

We have seen in fig. 12 the meaning of the quantity T. If in 
a vacuum near the surface of a piece of metal there is at rest an 
isolated positive atomic core of the same metal, and if this core 
is then deposited on the surface of the crystal, an amount of 
energy Y is hberated. Suppose now that somewhere near the 
surface of a piece of silver there is, not a free Ag+ core, but a free 
(Ag . H20)+ ion. And suppose that we split up this ion and trans- 
fer the Ag+ to the surface of the silver crystal, leaving behind 
a free H 2 O molecule. The net energy liberated in this case will be 
( r - D) instead of T ; for the Ag+ was initially in a level at a depth 
D. If, conversely, the Ag+ is now transferred back to the H 2 O 
molecule to form an (Ag.H,0)+ ion, the net work done is 
(7-D). 

This process may be visualised by combining fig. 7 with fig. 12. 
Let us fix attention on one of the positive cores which form the 
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surface of a metallic crystal; and suppose that we remove the 
core from the crystal along a line drawn perpendicular to the 
surface at this point. The potential energy of the core along this 
line is represented by a curve which rapidly becomes horizontal, 
fig. 12. But suppose that somewhere 
on this line, at a point P, fig. 20, there 
happens to be a polar molecule. The 
potential energy curve will no longer 
remain flat. For if this polar molecule 
has its negative side directed towards 
the metal, or if the molecule is free to 
rotate, we know that the positive ion 
will be attracted when it comes near 
to the molecule, while at still closer distances there will be a 
violent repulsion. In the neighbourhood of the molecule, whose 
position we are supposing fixed at P, the curve wiU, in fact, be 
of the usual molecular form, i.e. Hke fig. 7, only reversed from 
left to right, because in this case the moving ion is on the left 
of the stationary molecule. The potential energy along the whole 
line OP must be obtained by joining together the flat portions 
of fig. 12 and of fig. 7 reversed. The complete curve thus has a 
minimum at each end, with a horizontal portion between them, 

, fig. 206. 

Before discussing the properties of this curve, let us carry 
through an alternative argument which will throw light on the 
result. Let us start with an (Ag.HiaO)^ ion in vacuo. We have 
already considered the process of dissociating such an ion into 
Ag+ and HgO. As we remove the silver ion from the water 
molecule, the attraction between them falls off, and the potential 
energy curve rapidly becomes horizontal. But suppose next that 
' our polyatomic ion was initially in the neighbourhood of a piece 
of metallic silver at a certain point P, and was so orientated that 
when we remove the Ag+ from the H 2 O along the line PO, this 
line PO passes through a lattice point of the silver crystal, where 
there is a vacancy for a silver positive core. Then the potential 
energy will no longer remain horizontal, but will have a second 
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TTiiTiiTnnTn near the surface of the metal due to the attraction of 
the metal surface on the Ag+ ion; the depth of this second 
Tnim'muTn wiU he 7. In fact, the potential energy curve at 
which we arrive by this argument is identical with fig. 206. In 
both arguments we are concerned with a polar molecule, a metal 
surface and a metalhc positive core between them. And it does 
not matter whether this positive core is supposed initially to 
belong to the polar molecule, or to the surface layer of the 
crystal lattice. If it belongs to the polar molecule, it will be 
initially iu the potential valley on the right; and if we move it 
over into the potential vaUey on the left, we are depositing the 
metallic ion at a vacant lattice point on the metal surface. We 
may reverse the process by moving the metallic ion back to the 
potential valley on the right; in this case we are detaching the 
positive core from the surface and combining it with the polar 
molecule to form a polyatomic ion. The potential energy curve 
is thus ambivalent, whether we are depositing a positive core 
at a vacant lattice point or removing a positive core from an 
occupied lattice point. Fig. 20 shows clearly that in one case 
( F-D) is the net energy hberated, and in the other case the net 
work done. 


In fig. 20 the curve was obtained by joining together the flat 
portions of figs. 12 and 7. If the polar molecule is nearer to the 


metal surface, so that the curves intersect, as 
do the dotted curves of fig. 21a, we must 
obtain the resultant potential energy by add- 
ing the ordinates of the two curves ; in this 



way we obtain the full curve of fig. 21a with 


a smaller potential hiU in the middle. The 
nearer the polar molecule is to the metal 
surface, the smaller will be the potential hill. 
It becomes clear then how we can picture the 
impact of a polar molecule or of an ion such 
as (Ag.H20)+ on to a metal surface. At the 



Fig. 21 


moment of impact the potential hill may completely vanish, 


reappearing immediately as the molecule rebounds. In this case 
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the Ag+ ion may pass spontaneously from one potential vaUey to 
a level of equal energy in the other potential valley, if a level of 
equal energy exists. And we see now the important pomt, that 
when, as m fig. 21 a, the two potential valleys are not of the same 
depth, transitions ia one direction are more restricted than tran- 
sitions in the opposite direction. At room temperature the ions 
wiU be nearly all in their lowest vibration levels. Consider an ion 
initially in the lowest vibration level of the potential valley on 
the right of fig. 21 a. If at the moment of impact the intervening 
potential hill disappears, the particle will be able to move across 
into a level of approximately equal energy in the potential 
valley on the left, from which it can fall to a lower level there. 
If, on the other hand, we consider an ion which is in the lowest 
level of the deep potential valley on the left at the moment of 
impact, this ion must obviously remain there. For an ion to 
move across from left to right, it must be in a rather high vibra- 
tion level at the moment of impact; for only then wfil it find 
a level of equal energy in the shallower potential valley on the 
right. In fact, it must possess a vibration energy at least as 
great as {Y —D), since this is the amount which will bring it up 
to a level opposite to the lowest level on the right. ' 


§2. SOLUTION OF METALLIC ION 

We have so far been discussing the presence near the point P 
of a single polar molecule, to which a positive atomic ion may be 
attached. We may clearly go on to consider now the presence 
near P of two or more similar molecules, to which the metaUic 
core may be attached to form an ion hke {Ag.nB^O)+. As 
explained in discussing fig. 9, the work D required to detach the 
positive core from these molecules will be greater than from 
a single molecule, i.e. they will provide a deeper potential valley 
than will a single molecule. The potential energy curve along the 
line OP will resemble figs. 20 and 21a, except that the potential 
valley on the right may now be as deep as that on the left, or it 
may be stiU deeper, fig. 216. 
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If our polar molecules are solvent molecules, the potential 
valley on the right vpill finally become that of a solvated ion. 
As in fig. 10, the dissociation potential D becomes replaced by 
the solvation energy W; and the quantity (Y—D) is replaced 
by (T— IF). In this way, with a little adaptation, we obtain 
a useful picture of the deposition of a metallic ion from solution, 
or the converse passage of a metallic ion into solution. In 
figs. 20 and 21a we studied processes involving a single polar 
molecule, solely because they may be considered the prototypes 
of processes involving solvent molecules and solvated ions. 
When a piece of metal is dipped into a solution containing its 
own ions, these solvated ions will be continually moving towards 
and away from the surface. At any time it may happen that 
when a solvated ion approaches the surface, the metaUie core, 
becoming detached from the solvent molecules, adheres to the 
crystal at a vacant lattice point. Conversely, at any time, one 
of the positive cores forming the surface of the crystal may move 
away into the solvent, becoming solvated as it does so. When a 
piece of metal at room temperatrue is in air or in a vacuum, 
a positive core does not escape from the surface, because the 
amount of energy Y is prohibitively large. But when the metal 
is in contact with a solvent, if the value of IF in this solvent is 
as large or nearly as large as F, the ion may pass into solution 
even at room temperature. With regard to the small potential 
hill in the middle of the curves of fig. 21, our knowledge of solvent 
molecules and metal surfaces is not yet sufficient to say whether, 
from time to time, this potential hiU completely disappears. 
But this does not matter, since for many soluble metals we know 
from observation how easily ions go into solution and are de- 
posited. We shall study these processes further in Chapter vn. 

§3. METAL IN IONIC SOLUTION 

When we dip a metal electrode into a solution, we are putting 
two conductors into contact. The same is true if we dip a metal 
into pure solvent, for no solvent is a good insulator. When no 
current is flowing, there can be no drop of potential inside either 
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of these conductors, but there may be an electrical double layer 
over the surface of contact between them. The case of two metals 
in contact with one another was discussed in Chapter in, where 
it was shown that the sign and magnitude of the electrical 
double layer, which arises at the surface of contact, bear no 
relation to the sign and magnitude of any initial potential 
difference due to a charge on the surface of one of the metals. 
The same will be true at the interface of a metal dipping into 
a solution. 

The process which determines the value of the double layer 
may be one of several different types, according to the nature 
of the metal and the species of ion present. Among the most 
important types is the case of a soluble metal dipping into a 
solution containing its own ions, as one has, for example, in 
each half of a Daniell cell. Here the approach to equilibrium will 
be similar to that between any liquid and its vapour, except that 
the particles bear electrical charges. Consider unit area of the 
interface between the metal and the solution. In every second 

a certain number of metallic ions become detached from the 

% 

surface of the lattice and pass into solution ; and in every second 
a certain number of metallic ions in solution, which happen to 
approach the surface of the metal, adhere to it. At the moment 
when the piece of metal is first dipped into the solution, there is 
no reason why these numbers should be the same; but when 
equihbrium is reached, they must be equal to one another. If 
the number of positive ions leaving the metal is initially greater 
than the number being deposited, the metal will rapidly acquire 
a negative charge due to the electrons left behind in it. This 
negative charge hinders the further removal of positive ions, 
until the rate of escape from the surface is equal to the rate of 
deposition. On the other hand, if the number of metallic ions 
being deposited is initially greater than the number leaving the 
surface, the metal will rapidly acquire a positive charge, which 
will hinder the further deposition of positive ions on its surface, 
until equilibrium is reached. This is the explanation, given long 
ago by Nemst. Unfortimately erroneous ideas as to the “elec- 


4-2 
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trode potentials” of the metals have been foxmded on this 
conception, which in itself gives a true picture of the equilibrium. 

The efect of depositing positive cores upon one surface of 
a piece of metal in a vacuum was mentioned in Chapter in. 
It was pointed out that when the cores belong to the same element 
as the metal and are not too numerous, they will participate 
fully in the free electrons, and the positive charge which the 
metal has acquired will not be localised on the particular surface 
on which the cores have been deposited, but will be spread over 
the surfaces of the conductor according to the laws of electro- 
statics. On the other hand, the idea mentioned in the preceding 
paragraph, of ions deposited from solution on to an electrode, 
presupposes that an electrical double layer will be formed at 
the interface where the metal is in contact with the solution. 

To examine this question let us suppose that our solution was 
at first electrically neutral — the positive ions in it be;ing exactly 
neutrahsed by the negative ions. If on inserting the electrode 
positive ions are deposited, an equal negative charge is left 
behind in the solution and it is this negative charge which pre- 
vents the positive charge from spreading over all surfaces of 
the metal; the positive charge is bound to the interface. Each 
negative ion in solution near the surface of the electrode has 
its electrical image in the metal. It is best to think of the double 
layer as arising in this way ; the positive charge on the metal is 
not associated with the particular cores which have been 
deposited. 
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§1. ASSEMBLIES OF IONS 

A study of electrolytic ions, like that attempted in this hook, 
falls into two parts. In the first place we want to know the 
structure and properties of a single ion immersed in a solvent — 
we want to know these for each species of ion in each solvent. 
And secondly, since in practice we deal only .with assemblies of 
positive and negative ions, we want to know the behaviour of 
these assemblies. In the last paragraph of the preceding chapter 
we came for the first time to a problem of this second class, in 
which we had to deal with the behaviour of a large number of 
ions. The earher part of the book had been concerned with the 
nature of individual solvated ions, and in later chapters much 
more will have to be added about their solvation. At this point, 
however, it will be convenient to pass on to subjects under the 
second heading, and to approach the fundamental problem as to 
why electrolytic solutions exist at all. 

In a gas or vapour we can, by electron impact and other 
means, produce large quantities of free ions. But these positive 
and negative particles very quickly recombine with each other, 
or else are deposited on the walls of the vessel. At room tem- 
perature the gas or vapour soon loses its conductivity, and 
nothing that we can do, short of supplying fresh ions, will main- 
tain it. In a solution, on the other hand, the ions continually 
coUide with each other, but the electrons are not transferred 
from the negative ions to the positive ; nor do the ions disappear 
by recombination or by deposition on the walls of the vessel. 
In comparison with the ionised gas the situation is reversed, but 
is equally out of our control. We shall attack this problem most 
easily by asking first what is known about collisions which ions 
make in vacuo. 
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§2. COLLISIONS IN WHICH ELECTRONS 
ARE TRANSFERRED 


It is found that when neon positive ions, 1^6+, are introduced 
with low velocity into a vessel containing argon gas, argon 
positive ions are produced.* When an argon atom makes an 
ordinary gas-kinetic coUision with a neon ion, an electron may 
evidently he transferred from one to the other, neutralising the 


neon ion 


Ne+-l-Ar ■^Ne-|-Ax+ 


(13). 


From Table XI, page 201, we see that the first ionisation poten- 
tial of argon is 15-7 e-volts, while that of neon is 21-5 e-volts. 
The energy liberated when an electron is introduced into Ne+ is 
5-8 e-volts greater than the amount of work that would have to 
be done in obtaining a free electron from the valence level of an 
argon atom in vacuo. But in the collision the electron does not 
actually become free in passing 
from one atomic core to the 
other. The situation is illustrated 
in fig. 22, which represents the 
potential energy of an electron 
along the fine passing through 
the cores of the two atoms at the moment of impact. The core 
of each atom contributes a curve Hke fig. 6a. The horizontal line 
on the left represents the occupied level of the argon atom, while 
the lower horizontal broken fine on the right represents the 
normal vacant level of Ne+. As in the process of fig. 14, quantum 
mechanics allows the electron to shp through the intervening 
potential barrier, and to fall into the unoccupied level of Ne"'". 
The excess energy, 5-8 e- volts, is turned into kinetic energy of 
translation, the colliding particles flying apart with high velocity 
after collision. This type of impact is known as a collision “of 
the second kind”, in contrast to the more familiar collisions of 
the first kind, in which kinetic energy is turned into internal 
energy (excitation by impact). 



* Smyth, Eev. Modem Physics, 3 , 359 (1931). 
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We may notice, in passing, that in a similar way an electron 
may be transferred from a negative ion to a neutral atom. If, 
for example, a bromine negative ion Br“ in a vacuum were to 
coUide with a free chlorine atom, an electron could be trans- 


ferred: 


Br-+Cl->Br + a- 


( 14 ), 


since, as we see from Table XI, the energy of attachment of an 
electron to Cl is greater than to Br. The energy liberated would 
be taken up as kinetic energy of the colliding particles. In the 
examples mentioned an electron was transferred from one atomic 
particle to another. But the processes occur, not only in atomic, 
but also in molecular impacts. Bor example, in argon gas con- 
taining water vapour the transfer 


A+-fH20 -»A + (H20)+ (15) 


is found to occur, the occupied electronic level in the water 
molecule being higher than the vacant level in A+. When we say 
that the occupied level in one species of particle is “higher” 
than the vacant level in another species of particle, we mean that 
the work required to remove an electron from the former is less 
than the energy which would be liberated when a free electron 
is introduced into the latter. We visualise the relative height of 
the levels as in fig. 22. If we say of two molecular positive ions 
that the first possesses a lower vacant level than the latter, we 
mean that a greater amount of energy would be liberated by 
introducing a free electron into the former than into the latter. 
The energy of an electron at rest in vacuo is always taken as the 
zero from which levels are measured. Thus the argon singly 
charged ion, Ar+, possesses a vacant level at - 16-7 e-volts. 
And, of course, the neutral argon possesses an occupied level at 
— 15-7 e-volts. 


Since the total energy of the two particles after impact cannot 
be greater than before impact, and since the kinetic energies at 
room temperature are so small, we can say at once that at room 
temperature such electron transitions will be fopnd only when 
the ion possesses a vacant level of equal or of lower energy than 
the initial occupied level. Brom Table XI one can see at once 
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wHch. positire ions can be neutralised in this way by collision 
with which atoms (or negative ions). One has only to compare 
the ionisation potential of the two species. For molecules and 
molecular ions we can make similar predictions as soon as their 
ionisation potentials are known. 

§3. ELECTRONIC LEVELS OF IONS IN SOLUTION 

Of the large number of positive ions of Table XI which have 
been studied in vacuo in various stages of ionisation, com- 
paratively few are known either in solution or in crystaUine 
salts. We see a possible limitation on species of positive ions in 
any solvent, if we consider the valence electrons of the solvent 
molecules in relation to the vacant electronic level of each 
solvated ion. For if into any solvent we were to introduce a 
positive ion whose vacant level hes lower than these occupied 
levels of the solvent, a valence electron from an adjacent solvent 
molecule would immediately fall into the vacant level of the 
ion, neutrahsing it. This species of ion will be unknown in that 
solvent; it will not be found because it cannot exist for any 
measurable length of time. 

Since in solution positive ions are always accompanied by 
negatives, we can go on at once to say that, for any pair of ionic 
species in solution, the occupied level of the negative ion in that 
solvent must be lower than the vacant level of the positive ion 
in that solvent. For any species of which this is not true, the 
ions cannot co-exist, and solutions containing the pair will be 
unknown. This shows how radically the relative positions of the 
levels of positive and negative ions in solution must differ from 
their positions in vacuo. It was emphasised in Chapter n that 
the supernumerary electron in any negative ion is lightly bound 
in a high level, while a glance at Table XI shows that in all 
doubly charged ions the vacant level lies at a depth greater than 
9 e-volts, and in most singly charged ions at a depth greater than 
5 e-volts. Whether the ions are in gas, vapour or solution, it is 
clear that no assembly of positive ions A+ and negative ions B" 
can be stable unless the occupied levels of B- are lower than the 
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vacant levels of A+. In ionic solutions then the levels must have 
become reversed, so that the electrons in aU negative ions, 
without exception, are unable to escape to vacant levels in the 
positives, even when these are doubly or trebly charged. It is 
the purpose of this chapter to consider how this comes about. 

Since, according to classical electrostatics, in a medium of 
dielectric constant K all electrostatic forces are reduced, we 
might have expected that in a solvent all binding forces would 
be reduced, leading to smaller ionisation potentials aU round. This 
is not what is required nor is it what is found ; for we shall show 
below that the binding energy of the supernumerary electron in 
any negative ion is actually greater in solution than in mono, 
thus leading to the stability of assemblies of positive and nega- 
tive ions. 

Instead of attempting to make at once a direct estimate of 
the relative positions of the levels in a positive and a negative 
ion, the subject may be approached most simply by first com- 
paring the electron level of each with the electron levels of a 
metal. For, as shown in fig. 18, the critical level of a clean metal 
provides a kind of standard reference level, to which the 
occupied or vacant electron level of any atom, ion, or molecule 
may conveniently be referred. We shall retain the symbol J for 
expressing the depth of the electronic level of the ion in vacuo, 
and shall use J to denote the corresponding quantity in solution. 
If J is found to be greater than the work function then the 
electronic level of the solvated ion is lower than the critical level 
of the metal by an amount (J — and so on. 

Let us consider the neutralisation of a singly charged ion when 
situated in a certain solvent; we shall first consider the process 
carried out indirectly by means of a cycle — that is, instead of 
neutralising the ion within the solvent, we shall remove it to a 
vacuum, neutrahsing it there with an electron taken from the 
metal, and replace the neutral atom in the solvent. The final 
result will be the same as if the electron had passed straight from 
the electrode to the ion in solution; a process which we can 
conveniently represent by a horizontal arrow like that of fig. 1 8 
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We wish to know whether the energy received in the cycle is 
greater or less than for an ion in vacuo. The work done in 
removing an electron from the metal into the vacuum wiU be 
the same in both cases ; but consider the other steps in the cycle ; 
in removing the ion from the solvent we do work equal to the 
solvation energy W ; in neutralising it in vacuo we receive energy 
in replacing the neutral atom in the solvent we receive energy 
equal to the heat of solution of the neutral atom, but this is a 
quantity small compared with J and W, and may be neglected 
for the present. The energy received is thus {J— W), instead of J^. 
The vacant level of the positive ion is thus higher than the level 
in vacuo by an amount W. 

For a singly charged positive ion 

(16). 

If we use a diagram, the escape of an electron from an electrode 
to a positive ion in solution may be represented by a horizontal 
arrow hke that of fig. 186, provided that the vacant level of the 
solvated ion is inserted at a depth J given by (16). The analogous 
relation for multiply charged ions will be given in Chapter ix. 

We shall now find that for every negative ion the position is 
reversed; their occupied levels are all lowered in solution. To 
show this we shall convey an electron from a singly charged ion 
to a metal by means of a cycle similar to the last. We remove the 
negative ion from the solvent to a vacuum, doing work 
we take the supernumerary electron from the ion, doing work 
equal to the ionisation potential (electron-affinity) J >_ ; and we 
replace the neutral atom in the solvent, again receiving a small 
amount of energy which we shall neglect for the present. On 
putting the free electron from the vacuum into the metal we 
receive an amount of energy which is, of course, the same, 
whether the ion has been removed from a solvent or not. But 
the work done in the previous steps was (*/_ 4- WJ) instead of 
only The final result is the same as if the electron had 
escaped from the, solvated ion direct to the metal. It is clear 
that the occupiedxlevel of the ion in solution is lower than in 
vacuo by an amount For a singly charged negative ion 
\ = (17). 
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The occupied level of every negative ion is thus shifted in the 
opposite direction to the vacant level of every positive ion. If 
we use a diagram, the escape of an electron from a solvated 
ion to an electrode may be represented by a horizontal arrow, 
like that in fig. 18 a, provided that the occupied electronic level 
of the ion is inserted at a depth J_ given by (17). 

By using the critical level of a metal as a standard reference 
level, we have been able to study the electron levels of positive 
and negative ions separately. It is now a simple matter to 
compare the occupied level of a negative ion directly with the 
vacant level of any singly charged positive ion in the same 
solvent. The former will be higher than the latter if (</_ -f WJ) 
is less than in this case the ions cannot co-exist in 

solution. But if J_ is greater than J the vacant level of the 
positive ion is higher than the occupied level of the negative, and 
is immune from invasion. The required condition is that 
(c/_+ WJ) be greater than (j^— W). Since W and W_ are each 
several €-volts, this condition may easily be satisfied, although 
c/_ is less than In this chapter we shall not study the numer- 
ical values, but these will be given in Chapter xiv. 

This shift of the electron levels of atoms and ions in solution 
is due entirely to the necessity of conserving energy. If, start- 
ing with a pure solvent^ we introduce an ion into it, a large 
amount of energy is dissipated as heat, as described in Chapter i. 
If at any subsequent time the charge in solution is neutrahsed> 
an equal amount of work must be done, in order to conserve 
energy. The difference in sign between the upward shift of 
positive-ion levels and the downward shift of negative-ion levels 
arises from the fact that when the ion is neutralised in one case an 
electron is added to the particle and in the other it is taken away, 
and is quite independent of any particular mechanism. Even a 
continuous structureless dielectric medium would give rise to 
an energy of solvation, as shown in Chapter i, and consequently 
to a shift of the electronic levels of the solvated ions — downwards 
for negative and upwards for positive ions. On the other hand, 
we shall show qualitatively how the shift of the level arises in 
terms of solvent molecules. Eigs. 16 and 17 represented a double 



€0 


IONS IN SOLUTION 


layer of the type where the opposite charges are distributed over 
parallel planes. In the same way we can imagine a type where 
the opposite charges are distributed over concentric spheres. 
To convey a charge to the inside, or from the inside of such a 
spherical double layer, will require a certain amount of work. 
Now the polarised solvent molecules surrounding any ion may be 
regarded as roughly equivalent to a little spherical double layer 
with the ion in the middle. 


Round a positive ion the spherical double layer is positive 
outwards, as in fig. 23. If we wish to convey an electron to this 
ion to neutralise it, we have to do work 

^ j. 

in going through the double layer. Con- . 

sequently, instead of receiving the energy 
which we shouldreceive in a vacuum, we 
receive a less amount ; this means that the » (^3 • 


•vacant level of the ion has been raised. 


Eound a negative ion in solution the sign 
of the double layer is reversed. The layer 
is negative outwards and additional work 


+• . . •+ 

Fig. 23 


is required to remove an electron from inside ; in this way the 


ionisation potential is increased, and the occupied level is 


deeper than in a vacuum. 


§4. THERMAL ENERGY AND EQUILIBRIUM 

As soon as we know the values of W and Tf _, we can draw up a 
list of values of J and J_ for ions in solution, similar to that for 
ions in a vacuum; this will tell us the positions of the occupied 
and vacant electronic levels. A species of negative ion, having 
a very low occupied level, •will be able to exist in the presence 
of many species of positive ions ; whereas the negative ion which 
has its electron in a rather high level will only be able to exist 
in the presence of those particular species of positive ions whose 
vacant electronic levels are higher. Again, a species of positive 
ion "with a very high vacant level •will be able to co-exist •with 
many species of negative ions; whereas those ions, which have 
rather low vacant levels, •will only exist in solution in company 
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with those species of negative ions whose occupied electronic 
levels are still lower. 

When in this way we speak of one species of ion being in- 
compatible with another, we must notice what happens when the 
ionisation potentials of the two particles have nearly the same 
value. The transference of the electrons depends upon their 
familiar tendency to fall into the lowest level available. When, 
however,, there is available a pair of levels of nearly the same 
energy, the electrons will distribute themselves among the two 
levels, according to the Boltzmann law. Such a situation may 
arise in a transference of electrons, such as we have considered : 

A++B-^A+B+ (18). 

For most pairs of particles the electronic levels of the two species 
will differ by one e-volt or more. It may happen, on the other 
hand, that the vacant level of A+ hes only a httle below the 
occupied level of B. In this case, if we mix equal numbers of 
the particles A+ and B, and examine the assembly afterwards, 
we shall find that the electrons have distributed themselves 
among the two available levels — that is to say, among the two 
species of particles — according to the Boltzmann law. In other 
words the reaction (18) has not gone to completion. 

Although there may exist borderliue cases, we see that such 
reactions may be divided roughly into two classes — ^those where 
the two electronic levels differ by a large amoimt and the 
reaction goes to completion under all experimental conditions, 
and those where the levels have nearly the same energy and the 
reaction goes to a recognisable equilibrium. In the former the 
result is not dependent to any observable degree upon the con- 
centrations of the substances, while in the latter class the equili- 
brium depends upon their relative concentrations. 

It is worth while looking briefly at the ionic mechanism which 
maiataias this equilibrium. In the B+ ion which has been formed 
by (18) the vacant level is higher than the occupied level in 
the A atom. But in a gas at room temperature it is not true to 
say that on collision the electron cannot be transferred back 
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again from A to B+. Energy must, of course, be conserved. 
But at room temperature the particles possess a certain amount 
of kinetic energy, and a few particles possess a large amount. If 
at an encounter between B+ and A the two particles possess 
between them a sufficient amount of kinetic energy, it may 
happen that some of this energy is used to transfer an electron 
from A to the higher level in B+, the particles moving apart 
after coUision with much smaller velocities than before. Com- 
paratively few particles will have sufficient kinetic energy; the 
reaction (18), therefore, goes from left to right, until the number 
of A and B+ particles is much greater than the number of A+ and 
B. If the difference in energy between the two electronic levels 
is anything approaching 0-5 e-volt, the reaction goes to com- 
pletion., For the value of hT at room temperature is about 
1/40 c-volt, or 600 calories per mol; and if we insert the energy 
into the Boltzmann factor we obtain the small 

value e-®®, or about 10“®. It is only when the initial and final 
energy levels are close together that we find an appreciable 
amount remaining in the upper level at room temperature. 

In solution the thermal energy of the ions leads to the same 
result, although the mechanism is not quite the same. It is now 
recognised that in any liquid the thermal energy is mainly of a 
vibrational character like that of a solid, rather than trans- 
lational Uke that of a gas; the molecules of a liquid possess a 
large amount of potential energy hke the vibrating atoms of a 
solid. In an ionic solution some ions will be in the higher vibra- 
tional levels of fig. 10. At an encounter between two ions this 
excess energy may be used to transfer an electron from one to a 
higher level in the other, exactly as in a gas. The relative number 
of such reverse transfers taking place depends upon the con- 
centrations of the various species at the moment, and upon the 
mean thermal energy of the particles. It is important to realise 
that the necessity of paying attention to the various concentra- 
tions is closely bound up with the thermal energy of the par- 
ticles. As we shall see later, it is just this connection between the 
concentration c and the thermal energy BT which gives rise to 
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the familiar terms of the form RT log c, which occur in expres- 
sions for the e.m.f. of cells. At the absolute zero of temperature 
the final result of any reaction would be completely independent 
of the concentrations of the various species. 


§5. ABSOEPTION SPECTEA OP SOLVATED IONS 


In § 2 we found that in solution the positions of the electronic 
levels of ions are quite different from in vacuo. We may now 
enquire whether any of the familiar properties of solutions are 
a result of this shift of levels. In the first place there is the fact 
that so many solutions of electrolytes are transparent and un- 
coloured. It was pointed out in Chapter rt that in many nega- 
tive ions in vacuo the supernumerary electron is so loosely 
bound that the work to remove it is only two or three e-volts, 
and that consequently the continuous absorption spectrum for 
ejection of the electron from the ion lies partly in the visible 
region of the spectrum. If this were true also of ions in solution, 
most ionic solutions would show the characteristic absorption of 
the negative ions present in the visible or the near ultra-violet. 
This, we know, is not so; for example, solutions of iodides do 
not show any absorption here due to the iodine negative ions. 


But the fact is easily explained if we 
recognise that owing to the increase 
from to W_ a quantum of 
energy hv=J'_ is insufficient to eject 
an electron, and therefore no absorp- 
tion in this region occurs. 

For some solvated negative ions, 
such as those of iodine and bromine, 
a characteristic absorption band lying 
farther in the ultra-violet is easily 
located. Unfortunately water and 
other suitable solvents are opaque to 
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wave-lengths beyond about 1750 A., and any characteristic bands 
lying farther in the ultra-violet than this cannot be located. As 


an example of the absorption spectra of negative ions, fig. 24 
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gives the curve for four iodides, Lil, NaljMglg and Srlg, dissolved 
in ethyl alcohol, values of the absorption coefficient being plotted 
against the wave-lengths between 2400 A. and 1900 A.* ForaU 
four solutions the points He on a smooth curve, which must be 
the characteristic spectrum of the solvated iodine negative ion 
I-; in aqueous solution the results are very similar. The inter- 
pretation of such spectra will be considered in detail in Volmne ii. 

§6. EQUILIBBIUM BETWEEN IONS AND 
AN ELECTRODE 

We may conclude this chapter by considering the electronic 
levels of ions in relation to those of a metal. What happens when 
an insulated metal electrode is introduced into a stream of 
positive ions in a vacuum is well known. Of the first ions which 
strike the surface some give up their charge to the metal. The 
field due to this charge exerts a repulsion on the next incident 
ions. But the process continues, some ions giving up their 
charge to the metal, until the repidsion becomes sufficiently 
strong to prevent the ions from reaching the surface. The 
electrode is then in equilibrium with the stream of ions. Simi- 
larly, if an electrode is exposed to an assembly of negative ions, 
it will go on acquiring a negative charge from them, until the 
potential of the electrode becomes sufficient to keep the incident 
negative ions at bay. The ions no longer discharge themselves 
against the metal. Consider now an insulated electrode exposed 
to an assembly containiug both positive and negative ions. It 
obviously cannot charge itself up both positively and negatively ; 
any charge which it happens to acquire will be immediately 
neutralised by the ions of opposite sign, which will be attracted 
and discharged at its surface. There is no possibility of an 
assembly of positive and negative gaseous ions existing per- 
manently in the presence of an insulated metal electrode at room 
temperature. 

We must explain the observed fact that every solution con- 
taining positive and negative ions can exist in contact with an 
* Lederle, Zeit.f. Phys. Ohem. B, 10, 129 (1930). 
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insulated electrode indefinitely. Suppose tliat we have an ionic 
solution which is electrically neutral, and suppose we take a 
piece of metal which is electrically neutral, and dip it into the 
solution. If the work-function ^ for the metal is larger than 
for the negative ions present in the solution (fig. 25a), a few 
electrons will escape to the metal, 
charging it negatively. This negative 
charge on the metal, in conjunction 
with the equal positive charge which 
has been left behind in the solution 
(the charges of the few positive ions 
now without negative partners), im- 
mediately gives rise to a double layer, 
negative inwards, which lowers the 
electronic levels of the ions relative to 
the electronic levels of the metal, as in 
fig. 19 c?. Conversely, if (p for the metal 
is less than J for the positive ions 
present in the solution (fig. 256), elec- 
trons will escape from the metal to the 
vacant level of a few of the positive ions. An electrical double 
layer grows up on the metal, negative outwards, which raises 
the electronic levels of the ions relative to those of the metal. 
In either case a stable situation will be reached, when the critical 
level of the metal has been brought half-way between the elec- 
tronic levels of the two ions, so that it lies above the occupied 
level of the negative ion and below the vacant level of the 
positive ion. As we have pointed out in this chapter, the elec- 
tronic levels of solvated ions are always such that this condition 
can be satisfied, although in a vacuum for nearly aU species of 
ions it cannot be satisfied. 




CHAPTER VI 


§ 1. EXPERIMENTAL METHODS AVAILABLE 

We can hardly compare the behaviour of ions in solution with 
thftj f behaviour in gases without, sooner or later, examining the 
experimental methods by which this behaviour has been studied 
in each case; and this seems the most convenient place to make 
an enq[uiry of this kind. Among other things we may ask what 
measure of justification there is for the present position, where 
the study of ions in gases is regarded as physics, and the study 
of ions in solution as a branch of chemistry. 

As a first example, we shall consider the method by which an 
ionic process Hke that of (13) is studied in a gas or vapour. In 
the waU of the vessel a sht is provided, through which the ions 
escape into a vacuum, which is maintained by means of differ- 
ential pumping. The ions escaping are passed through the 
electric and magnetic fields of a mass spectrograph, and in less 
than a milli onth of a second each species has recorded its 
presence. No similar method has yet been devised for rapidly 
extracting specimen ions from a solution during an ionic re- 
action. As a result, research on ions in solution has followed a 
profoundly different course from that on ions in gases. Attention 
has been directed not upon the properties of individual ions, but 
upon the properties of assemblies of ions, and not upon the 
behaviour of assemblies during reaction, but mainly upon the 
equilibrium which is finally reached. 

Although there is no method corresponding to the mass 
spectrograph, we have for ions in solution a method of identi- 
fying them without removing them from the solution— namely, 
by the characteristic absorption spectrum. This method is not 
available for ions in gases, because in a vapour or gas in the 
laboratory we never obtain a sufficient number of ions per unit 
volume. The number of molecules in a gas at n.t.p. is 2-7 x 10^®, 
and in an experiment at room temperature we obtain only an 
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exceedingly small fraction of them in an ionised state ; under the 
most favonrable conditions we can obtain about 10^^ ions per cm.^. 
It is only in a solar or stellar atmosphere, where we have a 
column of vapour many miles in length, that we observe 
absorption hnes of ions. On the other hand, one must become 
familiar with the fact that, in a molar solution dissociated into 
ion pairs, the number of ions of each kind in one cm.^ is more 
than 22 times the total number of molecules in a gas at atmo- 
spheric pressure. For a molar solution of any neutral substance 
contains 6 x 10^^ molecules per cm.^, or the equivalent of a gas at 
a pressure of about 22 atmospheres. As a result, absorption 
spectra of ions may be identified in very dilute solutions ; and 
an observation of the absorption spectrum of any solution may, 
therefore, be a delicate test for the presence of certain species 
of ions. It may be mentioned, for example, that a convenient 
concentration for photographing the spectrum of fig. 24 is 
1/40,000 molar solution. 

When an electronic transfer, analogous to (13), takes place 
between ions in solution, it will of course be accompanied by a 
complete change in the absorption spectrum. How far the 
method of identification by absorption spectra can be carried we 
do not yet know, because the method has not been exploited. 
Chemical analysis has had as its main object the removal of 
each substance from solution in electrically neutral form, i.e. in 
the form of a solid precipitate of a less soluble compound. With 
this end in view strong solutions are used, in order that ’the 
saturation point of the said substance may be reached and 
passed. Very little attention has been paid to those reactions in 
solution which yield neither a precipitate nor an evolution of 
gas. In fact, the existence of such reactions tends to be for- 
gotten. Yet, when we set out to study the properties of ions in 
solution, we ought surely to begin with those reactions where aU 
the substances remain at the end as positive pmd negative ions in 
solution. The formation of a precipitate is merely an irrelevant 
process to be avoided. From this point of view we ought, there- 
fore, to pay attention, primarily to just those reactions which 



IONS IN SOLUTION 


are least studied in chemical analysis, namely those which do 
not give rise to any sparingly soluble product. Secondly, when 
a sparingly soluble substance is to be formed, we ought, when- 
ever possible, to start with such dilute solutions that the 
saturation point will not be reached. The formation of a 
precipitate from a super-saturated solution is a separate problem 
which may be studied by itself. 

§2. DIEECT AND INDIRECT METHODS 

The nest point can be most easily made clear by carrying out 
an imagiaary experiment with gaseous ions. Suppose that we 
have a vessel through the wall of which projects an insulated 
electrode. We have already mentioned, in § 6 of Chapter v, how 
this electrode wiU come to equilibrium with any positive gaseous 
ions which we introduce into the vessel; the insulated electrode 
acquires a positive charge from the ions, until it is sufficient to 
prevent the further neutralisation of positive ions. Suppose 
now that we have a separate vessel through the wall of which 
projects another insulated electrode. If we introduce a certain 
species of negative gaseous ions into this vessel, the insulated 
electrode will like\dse come to equihbrium with them. In this 
vessel neutralisation of ions at the electrode has come to a 
standstill because the electrode bears too large a negative charge, 
while in the other vessel it is because the electrode bears too 
large a positive charge. 

Our aim in imagining this experiment is to ask what will 
happen if we now stretch a wire between the terminals of the 
two electrodes. As soon as contact is made the charge on one 
electrode can neutralise the opposite charge on the other, with 
the result that the discharge of ions in each vessel can begin 
again. The electrons received by one electrode from the negative 
ions can flow along the wire to the other electrode, where they 
can be given up to the positive ions there. In fact, a continuous 
electric current will flow in the wire, until the supply of ions is 
exhausted. 



DIEECT AND INDIRECT METHODS 69 

This type of experiment is not one that is ever performed. 
We saw in Chapter v that in the electron transfer 


a large amount of energy is released. But no one would think of 
putting the argon gas into one vessel, the Ne+ ions into another, 
joining the two by means of a wire, and expecting the electrons 
from the argon atoms to flow along the wire to the neon ions, 
although, if the experiment were practicable, the 5-8 c-volts of 
energy per ion would be liberated as usual. But, we may almost 
say, this apparently round about way of procedure is utilised in 
a type of experiment which is commonly carried out with posi- 
tive and negative ions in solution. Suppose that we are studying 
two species of ions in solution — ^let us call them J.++ and X ~ — 
and we wish to know whether the electron levels are such that 
the electron transfer .j, , ^ aj. , -xr /im 

can take place. There are two methods at our disposal. In 
either case we start with two solutions of roughly the same 
concentration; we take one vessel containing the ion ^4++ in 
solution with an equivalent amount of some species of negative 
ion, and another vessel contaming the ion X~ in solution with 
some species of positive ion, in which we are not interested at 
the moment. Taking these two solutions, we can simply mix 
them, and see if anything happens to the ions J.++ and X~. 
Alternatively, we can introduce a platinum electrode into the 
solution containing A++, and another platinum electrode into 
the solution which contains the ions X~ at the same concentra- 
tion ; and, having put the two solutions into connection (through 
a third conducting solution which reacts with neither), we can 
stretch a wire from the flrst piece of platinum to the second, and 
see whether there is a flow of electrons from the latter to the 
former. We may And that in one vessel the X~ ions are steadily 
giving up their electrons to the electrode*, and that in the other 
vessel the A.++ ions are steadily bemg converted to A.+ by capture 
of electrons. This steady flow of electrons will not take place 

* See p. 96. 
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nniftga the relative positions of the occupied and vacant electronic 
levels of the ions are such that the transference of electrons would 
take place on mixing the two solutions. 

To this extent the indirect method, using equivalent con- 
centrations in two coupled vessels, is no less satisfactory than 
the method of direct mixing. And we may go further. If a 
spontaneous flow of electrons is found, we can insert a certain 
opposing e.m.f. between the two electrodes, and see whether the 
spontaneous flow of electrons continues in the same direction 
in spite of this. If, for example, we insert a reverse e.m.f. of one 
volt between the electrodes, and find that the flow of electrons 
continues in the same direction as before, we can say that 
the occupied electronic level from which the electrons are 
coming must be more than one e-volt higher than the vacant 
level to which they are going, or, if we are dealing with a more 
complicated case, we can draw an analogous quantitative con- 
clusion. 

If we measure the value of the opposing e.m.f. which is just 
sufficient to stop the flow of electrons from one species of ion to 
the other — ^if we measure the potential difference between the 
two electrodes — ^this is evidently the familiar process of measur- 
ing the e.m.f. of a cell; for the two vessels, coupled together in 
the way described, form, of course, a particular type of cell — 
a cell in which both electrodes are of an insoluble metal. 

It may seem a very risky procedure to abandon the method of 
direct mixing, and to use instead such a roundabout method as 
that of the two separate half-cells coupled together. In such an 
indirect method there is room for various uncertainties, and 
there seems at first no guarantee that when we measure the 
p.d. between the electrodes we shall be determining the pro- 
perties of the ions. If we are going to accept the results of this 
method as equally satisfactory, or more satisfactory than those 
obtained by direct mixing of the solutions, this can only be 
because we , possess a sensitive check on the -method, which 
enables us to reject all those cases where the method is im- 
practicable. We have a sensitive test of this kind, which we can 
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apply to any type of half-cell, namely the test of its “reversi- 
bility”, which will be fully described in Chapter vm. 

We have seen how the flow of electrons along a wire may be 
a substitute for the direct transference of electrons from one 
species of ion to another by collision. We have so far been fi.xiag 
attention on the electric current as a substitute for those colli- 
sions where an electron from one ion falls into a lower vacant 
level in the other. But m § 4 of the preceding chapter it was 
pointed out that the reverse type of collision also takes place ; 
where a pair of ions have sufficient thermal energy an electron 
may be transferred back to a vacant level which is higher. The 
relative number of these reverse transfers depends on the relative 
concentration of the various substances and on the mean thermal 
energy of the ions. We must now notice that in the indirect 
method the wire between the electrodes is, so to say, completely 
unbiased, as between the forward and reverse direction, and 
provides an impartial substitute for both kinds of encounters. 
From this point of view, the spontaneous current which actually 
flows is the resultant of a tendency for electrons to flow in one 
direction and a smaller tendency for electrons to flow in the 
opposite direction ; the relative magnitude in the two directions 
depends, as above, on the concentrations of the various species 
and on the thermal energy of the ions. The potential difference 
between the two electrodes depends on the relative concentra- 
tions of the various ions and on their thermal energy, that is to 
say, on the temperature. 

In the investigation of the e.m.f. of cells during the last fifty 
years attention has been mainly devoted to elucidating the part 
played by the concentrations of the ions. In any half-cell a 
description of the concentration factor falls into two sections, 
which may be called primary and secondary. There is a primary 
effect common to all solutions, upon which is superposed a 
secondary factor describing the way in which the particular 
species of ions present differ from a perfect solute. Up to the 
present day, the unravelling of these concentration factors has 
so far monopohsed attention that little or nothing has been done 
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to confront the more fundamental problem of interpreting the 
absolute values of e.m.f.’s in terms of electronic and ionic 
energies. In this book we discuss the working of cells only for 
the sake of the light which such a study may throw upon the 
nature of the ions concerned. From the observed values of 
e.m.f.’s we wish to deduce and to check the values of such 
quantities as J and W. We have to understand how the e.m.f. 
depends upon the concentration, but only that we may eliminate 
this factor. 

In this discussion of e.m.f we have so far had in view those 
cells where both electrodes are acting merely as channels 
through which electrons may flow. Of equal importance are 
those cells where one or both electrodes are of a soluble metal, 
and where, on passing a current, the electrode either dissolves 
away or grows by deposition of positive cores. In the following 
chapters, to distinguish these two kinds of metal electrode, we 
shall for the sake of brevity use the terms “insoluble electrode” 
and “soluble electrode”; it will always be understood that the 
soluble electrode is dipping into a solution containing its own 
ions. In the deposition and solution of any species of ion is 
involved its characteristic energies, not only in solution but also 
in aggregation with electrons to form solid metal. In a cell 
containing two electrodes of this type we may, as before, 
oppose the flow of electrons by introducing a reverse e.m.f. into 
the external circuit of the cell; and the value of the e.m.f. which 
we find is just sufiicient to stop the flow of electrons gives us, as 
before, information as to the energy of the ionic process. 

If in both types of cell the electrode method is equivalent to 
the method of direct mixing, and if the e.m.f. yields quan- 
titative information, this can only be because the strengths of 
the double layers which exist at the interfaces are such as to 
give quantitative agreement — ^it can only be because the ionic 
mechanisms are such as to cause each electrical double layer to 
take up the appropriate strength. In the following chapters it 
will be our aim to show quantitatively the mechanisms by 
which this comeS'about. 
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When an electrode is dipping into a solution and has come to 
equilibrium, the strength of the electrical double layer has the 
same value over the whole surface of contact. If at any point 
the strength of the layer deviates momentarily from the value 
elsewhere, the ionic mechanism brings it back again immediately. 
If one takes a section through the metal electrode below the 
surface of the liquid, it is obvious that the double layer forms 
a complete envelope round the metal, as in fig. 26, and that no 
charge can pass out of the metal into the solution without 



Fig. 26 


passing through the envelope, which may be either positive 
inwards and negative outwards or else negative inwards and 
positive outwards. In the following chapters we shall use the 
symbol V to denote the strength of the double layer at any 
metal-liquid interface. We must clearly adopt a convention as 
to the sigh of 7. We shall choose to give V the same sign as the 
inner layer on the metal; when the layer is negative outwards 
and positive inwards 7 is a positive quantity, and vice versa. 
When 7 is negative the work to remove an electron from the 
metal is diminished, as in fig. 19 d. 
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§ 1. INTERIONIC FORCES 

In. connection with fig. 11 the conception of a lattice expanded 
n times uniformly in ah directions was introduced. It was 
pointed out that if we imagine an ionic crystal to have been 
placed in a vacuum and then expanded to 1000 times its original 
volume, each ion being at rest, we still have about 1/1 0th of the 
lattice energy to supply before we complete the separation of 
the crystal into ions at infinite distances from each other. If, 
for example, the total lattice energy of the original crystal were 
10 e-volts per molecular unit, work equal to about 9 e- volts 
would have been already done, and an additional 1 e-volt would 
remain to do, since the residual lattice energy is proportional 
to 1/r. 

We may follow up this idea by imagining the expanded lattice 
to be situated in a medium of dielectric constant K, instead of 
in a vacuum. All the forces between the ions are reduced K 
times in strength, and consequently the work required to com- 
plete the separation of the ions (to large distances within the 
dielectric) will be K times less than the value considered above. 
The system will possess a small but definite residual lattice 
energy; in the numerical example cited, instead of 1 e-volt, the 
value would be IjK e- volts, that is 1/80 e-volt, if the dielectric 
were water at room temperature. If we wished to remove one 
of these ions from its position to a point within the dielectric at 
a great distance from the other ions, we should have to do a 
certain amount of work; if we wished to remove it to a long 
distance outside the dielectric, we should have to do this 
amount of work in addition to the usual solvation energy on 
crossing the boundary. 

These ideas have been suggested here in order to enquire 
later how this imaginary system, with all its ions at rest in a 
lattice, would resemble and differ from a dilute solution con- 
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taining the same species of ion, and the same number of ions 
per unit volume, dissolved in water or other solvent. We wish 
to know whether an ionic solution at room temperature possesses 
anything corresponding to the residual lattice energy of this 
imaginary expanded lattice. For if it does, the solvation energy 
of each of the ions will be greater than its solvation energy in 
pure solvent. 

In Chapter i we examined the energy of a charge embedded 
in a dielectric medium, and compared it with the energy of the 
same charge in vacuo. We may now enquire whether the energy 
of an ion at rest in a solvent is modified by the presence of other 
positive and negative ions as they occur in a dilute solution. If 
so, the solvation energy of any ion will depend on the con- 
centration of the solution. 

When a charge g is at a distance from a similar charge, its 
potential energy in the field of this charge is . When it is 
at a distance from an equal charge of opposite sign, its 
potential energy in the field of this charge is —q^lKr^. Since 
potential energies are additive, its potential energy when both 
the other charges are present will be (l/^i“ If is 

the same as the bracketed expression vanishes and the 
potential energy of the ion will be the same as if both neighbours 
were absent. Now in a solution at room temperature the ions 
are all constantly moving from place to place. The nearest 
neighbours of any ion wiU be continually changing, and con- 
sequently its potential energy will be subject to rapid fluctua- 
tions. What we are concerned with is the time average of its 
potential energy. Any solution that is electrically neutral con- 
tains an equal quantity of positive and negative charge. For 
simplicity we shall discuss first a uni-univalent electrolyte, such 
as NaCl, in which the positive and negative ions are equal in 
number. The problem then resolves itself into the question 
whether the average distance r between like pairs of ions is the 
same as between unlike pairs. 

In the dilute solution each solvated ion is being continually 
jostled by the surrounding solvent molecules, and consequently 
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travels about with an ordinary Brownian movement. In this 
movement the route followed will to some extent at least be 
dictated by the electrostatic forces between the ions. The repul- 
sion between ions of the same sign wiU oppose their approach, 
while the attraction between ions of opposite sign will encourage 
their approach. The result is that if we fix attention on any 
positive ion in solution, and observe its nearest ionic neighbours 
over a certain period of time, we shall find among them slightly 
more negatives than positives; while, if at the same time we fix 
attention on any negative ion, we shall find among its nearest 
neighbours more positives than negatives. We know that in the 
perfect order of a rock-salt crystal each positive ion is sur- 
rounded by six negatives and at the same time each negative 
by six positives ; what we have here is a slight tendency towards 
such an orderly arrangement, or rather, towards that of the 
system suggested on p. 74 of this chapter, where we supposed the 
ions of an expanded lattice to be embedded in a dielectric 
medium. The state of any ionic solution is thus intermediate 
between a random distribution and a weU-ordered distribution. 
We can either start from the random distribution, as we have 
done in this section, and show how the electrostatic forces 
introduce a certain amount of order, which is completely absent 
in any solution containing two species of neutral molecules. Or, 
alternatively, we may start with the expanded lattice of p. 74, 
whose lattice energy we know; and we can show how the 
Brownian movement destroys the lattice arrangement of the 
ions, without, however, reducing this energy to zero. 

We see then the important fact that any solution possesses a 
small quasi-lattice energy due to the fact that the nearest 
neighbours of any ion contain more ions of unlike than of like 
sign. In any solution this energy belongs to the particular con- 
figuration of the ions in the same way that a lattice energy 
belongs to the ioiiic lattice of any crystal ; and we shall call it 
the “configuration energy” of the solution. 

Consider any ion in a dilute solution; to remove this ion from 
among its neighbours td<a region of pure solvent a certain amount 
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of work will have to be done. If we wish to remove an ion from 
a solution into a vaenum, this work mnst be done in addition 
to the normal solvation energy for the ion in pure solvent. We 
have then found the answer to our first question; the solvation 
energy of an ion in a solution is slightly greater than for the 
same ion in the pure solvent. By comparison with the numerical 
example given on p . 74, we can see that the value of this increment 
for the dilute solutions under discussion will be less than 1/100 
e-volt. This is so small compared with the solvation energy 
itself, that we have committed no serious error in speaking 
hitherto of the value of W as if it were the same in a solution 
as in pure solvent. 

When we wish to take into account the small increment in W 


we shall write 


W = TFn-f y(c) 


( 20 ), 


where Wq is the solvation energy characteristic of the ion in 
pme solvent or infinitely dilute solution, and x(c) is a quantity 
which is zero when c is nearly zero. For many purposes it is 
unnecessary to stress the difference between W and Iff, . When 
in § 3 we again consider the relation between W and Y we shall 
at first disregard the distinction between W and Wq . 

We wish to know how the configuration energy of a solution 
depends on the concentration, on the dielectric constant of the 
solvent, and on the charges borne by the ions. In Chapter xi we 
shall solve this problem in detail for dilute solutions. Here we 
may at least examine the priuciples involved. 

Considering once more the expanded lattice of p. 74, it is clear 
that, if for singly charged ions we substitute doubly charged 
ions in the identical positions, this residual lattice energy wili 
take on a value four times as great, since aU the electrostatic 
forces are increased four times. And we may now notice the 
important fact that this wiU be true, not only for a regular 
lattice arrangement of ions, but for any given configuration at 
aU, provided that the ions are sufficiently far apart to exert 
only electrostatic forces on each other. Whatever energy the 
configuration possesses will vary as q^. We shall have to decide 
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then whether, in a very dilute solution of a substance such as 
CuSO^, the average relative positions of the ions is the same as 
in a solution of NaCl at the same concentration. 

On p. 74 it was pointed, out that if we imagine the expanded, 
lattice to be immersed in various solvents with different values 
of E, its residual lattice energy in each solvent will be pro- 
portional to 1/jK'. And we may now notice that this is so, not 
only for a regular periodic arrangement of the ions but for any 
configuration, provided that the forces are purely electrostatic, 
and that the configuration is the same in each solvent. Suppose 
then that we have certain species of ions dissolved in different 
solvents at the same small concentration. The question arises 
whether in these dilute solutions the average configuration of 
the ions is the same in the different solvents. If this were so, the 
configuration energy of the solutions would be proportional to 
1/Z. For example, in a solvent with K = 2(i the value would be 
four times as great as in water at room temperature. 

In discussing the expanded lattice of p. 74, it was further 
pointed out that the energy is inversely proportional to the 
cube-root of the volume ; if, for example, we reduce the volume 
to one-eighth, its lattice energy will be exactly doubled. If n is 
the number of ion pairs per unit volume, the energy varies as 
■^n. And we may now notice that this wifi, be true from whatever 
arrangement of ions we start, provided that the geometrical 
configuration of the ions remains the same throughout — ^i.e. if 
the final state is a replica in miniature of the initial state. For 
use in later chapters we shall find it convenient to define a length 
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Then, on changing the volume, all distances between ions will 
vary in proportion to b, and whatever energy the configuration 
possesses will vary as 1/6, as in curve FQ of fig. 1 1 . We shall have 
to decide later whether in a solution at a certain concentration 
the average configuration of the particles is a replica of their 
configuration at aU other concentrations. For a dilute solution 
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containing only species of neutral molecules this certainly is so, 
ah being merely random. If it were true for an ionic solution 
also, the quasHattice energy of the solution would be propor- 
tional to the cube-root of the concentration. We shall find, 
however, in Chapter xi that in dilute solutions it varies as the 
square-root of the concentration. 


§2. OSMOTIC PRESSURE 

In the foregoing paragraphs we have seen how a solution con- 
taining ions behaves differently from a solution containing only 
neutral particles. We may now briefly consider this difference 
in relation to the osmotic pressure of the solute. Suppose that 
the solution is contaiued in a cylinder whose piston is provided 
with a semi-permeable membrane — ^permeable to solvent but 
not to solute. When such a membrane separates a solution from 
pure solvent, the osmotic pressure arises from the fact that the 
solvent molecules striking the membrane on one side are fewer 
than the number striking on the other side. In what follows it 
is essential to consider what will happen when we diminish the 
volume V in which the solute is confined, by moving the piston 
downwards. Pure solvent flows through the membrane, but the 
solute particles behave in this process like a gas. To move the 
piston downwards isothermally we have to do work, that is, we 
have to supply energy. But this energy is not retained by the 
solution: it is given out as heat to the surroundings. The 
membrane in moving downwards causes the solute particles to 
rebound with greater kinetic energy than they otherwise would 
have had; this kinetic energy is given up to the solvent mole- 
cides, and thence to the surroundings. Conversely, in an iso- 
thermal expansion the solute particles give , up energy to the 
piston; they receive more kinetic energy from the solvent 
molecules, which in turn derive the energy as heat from the 
surroundings. 

It was found long ago that in dilute non-conducting solutions, 
the solute obeys the ordinary gas laws. All neutral substances, 
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like sugar, at a given small molar concentration were found to 
exert the same pressure as a gas, namely that given by Boyle’s 

P (22), 


where h is Boltzmann’s molecular gas constant, and n is the total 
number of molecules per cubic centimetre. A solution containing 
two or more species of molecules behaves like a mixture of 
gases; i.e. the total osmotic pressure depends only on the num- 
ber of separate particles present, irrespective of their species. 

In a compression the change in volume dv is a negative quan- 
tity; it is therefore more convenient to consider the work Pdv 
done by the system in an isothermal expansion, which will, of 
course, be equal to the work required for the reverse compres- 
sion. Since P^dv is equal to nhTdv, whatever amount of solute 
is under consideration, the work per molecule depends only on 
the ratio of the final to the initial volume, and is given by 

dv = 1cT log ^ log ^ (23), 

where c^jc^ is the ratio of the initial to the final concentration. 
This being the value of the work per molecule present, the work 
for any number N oi molecules will be N times as large. In 
particular, for one mol of the solute we have to multiply by 

Avogadro’s constant, giving just BT log — . 

For a solution containing positive and negative ions, however, 
the osmotic pressure cannot be obtained by inserting the total 
number, of particles into (22). We have seen that the value of the 
configuration energy wiU certainly depend on the concentration 
in such a way that, if we diminish the volume occupied by the 
solute, the system falls to a state of lower electrostatic energy; 
we may picture this as going down a curve like OF of fig. 11. 
This means that the work required to compress the solute by a 
certain amount wiU be smaUer than for a “perfect solute” — ^ia 
fact, the P^v in (23) must be replaced by 

Pdv = P^dv—dFg 


(24), 
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where dF^ is the change in the electrostatic contribution to the 
free energy, which will be evaluated for dilute solutions in 


Chapter xi. We have then 

P 


p dF, 


(25). 


In ionic solutions the expression (23) will hold within the experi- 
mental error only at exceptionally low concentrations, i.e. when 
c and c' are both exceedingly small, so that the interionic forces 
are negligible. If q is large and only Cj is small, the work done 
in an isothermal expansion will differ from (23) to some extent. 

We might say that the value is now jBT log -i, where j is a 

C2 

number differing somewhat from unity. It is more convenient, 
however, to put the number inside the logarithm, and to add a 
subscript to show that the value of the number depends on the 
value of Cl, but not in any detectable degree on C 2 , provided that 
C 2 is below a certain limit; that is, the value of the work is 

written RT if neither nor Cg is small, the work will be 

^2 

f ^ 

RT log . Numbers used in this way to indicate to what extent 

a solution differs from a perfect solution are called activity 
coefficients. The value depends on the particular species of ions 
present, but will always become indistinguishable from unity 
in sufficiently dilute solution. The relative activity Oi/aj of any 
component at two different concentrations is defined by 

RT log Oi/ffla == Fj^-F 2 (26), 

where F is the thermodynamic potential, or alternatively, the 
free energy; as the compressibility of liquids is so small, it is pot 
usual to distinguish between these two quantities for di^dlved 
substances. For the details of the various ways of /defining 
activity coefficients, the reader is referred to the tqjef^books on 
the subject. 

In practice the concentrations are measuredun mols per litre. 
When the concentration is exactly one mol Jei litre, the solute 
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is at unit concentration, but is not “at unit activity” except 
when tbe activity coefficient /is equal to unity, A certain species 
of ions wiU be at unit activity when the product fc is equal to 
1-0 mol per litre. Take, for example, a solution where c = !• 1 mols 
per litre ; if the value of / at this concentration happens to be 
just over 0-9, the substance wiU be at unit activity in this 
solution. 

§3. EQUILIBRIUM BETWEEN METALLIC 
IONS AND ELECTRODE 

In the last section of Chapter rv we began to examine the 
equilibrium at the surface of a soluble metal dipping into a 
solution containing its own ions ; but the problem was postponed 
in order that a preliminary survey of ionic assemblies might 
first be made; the study of the problem will be resumed here. 
Por each metal the work Y to remove a positive core from the 
surface into a vacuum has a characteristic value, while the 
solvation energy W depends also on the solvent used. We saw 
that the work required to take a metallic core from the surface 
into solution was (F — If). In drawing this conclusion we were 
tacitly assuming that there was no electrical double layer at the 
interface between the metal and the solution. We saw, however, 
in Chapter rv, that when a soluble metal is dipped into a solvent, 
or into a solution containing its own ions, an electrical double 
layer always arises at the interface. When such a' double layer 
is present, the amount of work to take a core into solution will 
be greater or less according to the sign of the double layer. If 
the ion bears a charge me, the work required to take it through a 
double layer of strength F is ± meV. Hence the work required to 
remove it from the surface into solution is now (T—W— meV), 
according to the convention of p. 73. 

The next step must be to modify fig. 20 to represent the 
situation where a double layer is present. The required modifica- 
tion is to be made in exactly the same way as in fig. 14; that 
is to say, the initial curve must be compounded with a curve 
contributed by the double layer. Supposing, as usual, that the 
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metal is at the left of the diagram, if the double layer is positive 
outwards, we shall have to add the ordinates of a curve like 
curve b of fig. 14 to the initial curve, the step-up in curve b being 
equal to meV, The effect is to raise the potential valley on the 
right with respect to that on the left by this 
amount, as in fig. 27 a. If, on the other hand, 
the double layer is positive inwards, the effect 
will be to depress the valley on the right with 
respect to that on the left. 

In the ease of electrons, we saw in fig. 14 
how the raising of one potential box relative 
to the other checked the flow from left to 
right until equilibrium came about. The same 
thing will happen here with positive ions. The electrical double 
layer which grows up equalises the ionic transitions in the two 
directions, so that equilibrium comes about spontaneously. We 
may begin now to enquire how the conditions may be expressed 
quantitatively. 

If we consider any face of a metallic crystal, we find the 
metallic cores in a regular arrangement; the number of these 
cores per xmit area of the surface will depend upon the particular 
crystal faces. In any micro-crystalline piece of metal, however, 
all the crystal faces will be represented. We need not take into 
account different faces, but need consider only a plane surface 
with N metallic cores per unit area, where N is characteristic 
of the metal in its micro-crystalline state. 

Suppose now that the piece of metal is dipped into a dilute 
solution contaiaiQg its own ions at a certain concentration^ "If 
we look at the surface of the metal at any moment, v/e can 
divide these N lattice points into two classes. At most „6f these 
points solvent molecules will be foimd in contact with,. the metal ; 
at each of these points there is a probability of the >hetaUic core 
becoming detached from the surface by the prc^iess of fig. 21. 
A transition in which an ion passes into sqiution may, for 
brevity, be called an 5-transition, and the inijiihl situation which 
gives rise to this transition may be called >n 5-situation. (The 
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corresponding quantities for deposition will be called d-transi- 
tions and d-situations.) The total number of 5-situations is 
equal to the number of lattice points in contact with which are 
solvent molecules. At a few of the lattice points, on the other 
hand, we shall find solvated metallic ions momentarily in 
contact with the surface of the metal; at each of these points 
there is a possibility of the ion being deposited on the surface, 
i.e. the configuration is a d-situation. The number of such lattice 
points per unit area of the electrode depends directly on the 
concentration of the solution. If the solution is dilute they will 
be very few in number compared with the former; the number 
of d-situations will be small compared with the number of 
5-situations. To compensate for this difference the energy of the 
base of one potential valley must be brought to a certain position 
relative to the energy of the other. The important point to be 
made clear is that for a given concentration of a solution this 
relative position at equilibrixxm does not depend on the relative 
values of W and Y. 

From the discussion in Chapter rv it appeared possible that 
for some solvated metallic ions W is greater than F, as in 
fig. 27 a, while for others W is less than Y. Later, in Chapter xiv, 
we shall have to enquire whether both types of ion exist in 
nature; but for the present we shall waive this question. We can 
imagine a simple case in which W happens to be exactly equal 
to r. Of the three cases we will discuss this one first. 

(1) IF is equal to Y. Initially the d-transitions and 5 -transi- 
tions are on the same footing. And since the number of s-situa- 
tions is far greater, more ions go into solution than are deposited. 
The eivsctrical double layer which grows up is negative inwards, 
and raises the potential valley in solution with respect to that 
on the surface of the metal (as in fig. 27c). The s-transitions are 
checked, and the double layer grows until the number of 
5-transitions per second is as small as the number of d-transitions. 
At room temperature the magnitude of the double layer re- 
quired to cut down the number of 5-transitions will in this case 
be very small, beca'aise by the Boltzmann Law nearly ah the 
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ions are in their lowest -vibrational level. As soon as the lowest 
levels are put out of action the number of transitions is enor- 
mously reduced, and a small fraction of an e-volt may, therefore, 
suffice. We conclude then that when W=7 & weak double layer 
on the metal is required, negative inwards and of this magnitude. 

(2) When W is greater than Y, the process is s imil ar. For a 
given concentration the potential valley on the right must be 
raised to an energy lying above that on the left by the same 
amount as in case (1). The strength of the double layer needed 
to do this is obviously greater than before by an amount 
(PF-F). 

(3) When W is considerably less than Y, the situation is 
reversed. The potential vaUey on the right is initially too far 
above that on the left, and must be lowered. This comes about 
automatically, because it is at first almost impossible for 
positive cores to leave the metal surface; the number of ions 
being deposited from solution will be greater than the number 
going into solution. In this way an electrical double layer will 
grow up which has the opposite sign from that in cases (1) and 
(2) ; it is positive inwards. • 

§4. THE STRENGTH OF THE DOUBLE LAYER 

To obtain an expression for 7, at any temperature T, we have 
to take into account the thermal energy of the ions. As explained 
in § 3 of Chapter v, this -will involve taking into account their 
concentration. Let the ratio of the number of metallic ions to 
the number of solvent molecules be defined as the concentration 
c in theoretical units. 

Even at room temperature some ions are in high -vibratVon 
levels. Speaking first of the ions on the surface of the latticff’ the 
fraction of the total number that are in a level of energy be 

given by an expression containing the factor exp {( U„/— jj) /jfcT}, 
where is the energy of the lowest quantum level, -fif a metallic 
surface ion. For the ions in solution the distribution -will involve 
a similar factor exp - UyJcT}, where U, is/the energy of the 
lowest level of a solvated ion. We have tften two Boltzmann 
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distributions, and our problem is to work out tbe equilibrium 
between them. This is, in fact, what has to be done in describing 
the equilibrium at any type of electrode. Although in this 
chapter we are considering one particular type of electrode, the 
expressions which we shall deduce are immediately adaptable 
to other types. 

In the symbols and we are, of course, referring to the 
same lowest levels which determine the quantities T and W. 
Whereas hitherto we have used 7 or IF to reckon downwards 
the depth of the level below the energy of a free ion, here it is 
more convenient to use positive energies 

U^-U,==-{7-W) (27). 

In the absence of an electrical double layer the energy difference 
between the lowest level on either side is given by (27). When a 
double layer of strength V is present, one set of levels becomes 
shifted with respect to the other by an amount neV, where ne 
is the charge borne by the ion in question. If we retain to 
denote the energy of the lowest level in solution, the energy of 
the lowest level on the surface is now U^+neV, following the 
convention adopted at the end of Chapter vi as to the sign of V. 

The simpler the treatment, the more easily can the mechanism 
of the equilibrium be visualised. The expression for V obtained 
below by treating the vibrational levels as one-dimensional has 
the same form as that given by a general treatment using the 
methods of statistical mechanics. Of the total number of lattice 
' ions per unit area of the surface a fraction, 

F(U) dU= ^ exp {U^+neV- U)lhTdU (28), 

will be in levels between U and XJ+dV, aU values of TJ being 
possible Ibetween {TJ^+neV) and infinity. The number of 
d-situations per unit area is proportional to the number of ions in 
solution, whiie fhe number of 5-situations is proportional to the 
number of solvent molecules in the solution. Thus, if the number 
of s-situations associated with the energy TJ is NgF{U) dU, the 
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number of dl-situations associated with the same energy TJ 
wiJl be „ 

(U,-U)lkTdU (29), 

where iV’/iVj=c. 

For equilibrium the number of d-situations multiplied by the 
probability of a d-transition must be equal to the number of 
5-situations multiplied by the probability of an 5 -transition. 
If the two probabilities are not equal, let the ratio of the latter 
probability to the former be a factor not far from unity and 
independent of the concentration. Then detailed balancing 
requires that 

N, ezp {U^+neV- U)/kT = pN exp (U,- U)/kT (30). 

That is to say ^ U^-U,)jkT (31). • 

Hence the strength of the electrical double layer at any tem- 
perature T is given by 

TT — TJ kT 

+ (32). 


In deriving (32) v^e have been taking the solvation energy of 
the ion to be independent of the concentration of the solution. 
Even in dilute solution we should use (20), which may be put 
in the form rr rm /n 

(33). 


When this is substituted in (32) we have 


U^- 

v= ® 


hT 


ne 


+ ■ 


ne 




.(34). 


The first term is equal to {Y-Wf^)jn€-, and by a change of 
notation the terms involving c may be united. If we define a 
function t, by kT log l[c) = -x(c), we obtain 


F = 


Y-W, 


+ -log/c 


(36). 


where/, equal to is evidently an activity coefficient. As the 
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first term is independent of the concentration of the solution, 
(35) is of the form 

RT 

F=Fo+^loga (36). 

The sign of the double layer given by (35) is the same as that 
deduced from fig. 27. As defined, /c is always less than unity and 
log fc is a negative quantity. We see then that when W is equal 
to or greater than Y (i.e. when is equal to or less than Z7^), 
the double layer will be negative inwards ; and the weaker the 
solution, the more negative will it become. The lower the tem- 
perature the less important is the thermal energy of the ions, 
and the more nearly wiU neV approach the value Y 
In the last paragraph of Chapter v, in discussing ions from a 
different point of view, we noticed a condition which must be 
satisfied for equihbrium at any metal electrode. It can be shown 
that for every soluble metal, when the strength of the double 
layer has the value given by (35), this other condition is cer- 
tainly satisfied at the same time. 
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§ L CELLS AND HALF-CELLS 

In Chapter 'vi a little was said about the electromotive force of 
cells. In this chapter we shall begin to treat this subject in detail. 
Before attempting any analysis it wiU be better to approach the 
subject from the experimental point of view, to consider how 
e.m.f.’s are measured, and what conventions are usually adopted 
in tabulating the observed values. 

Every simple cell consists of two half-cells. In the Daniell 
cell one half-cell contains a piece of copper dipping into a solu- 
tion of copper sulphate, while the other half-cell contains a 
piece of zinc dipping into a solution of zinc sulphate. In any 
cell the two half-cells, which may be called A and B, act quite 
independently of each other. In one half-cell the electrode may 
be of a soluble metal, and in the other half-cell of an insoluble 
metal. A cell may be formed by couphng together one half-cell 
with another half-cell of any type ; the only restriction is that 
the two solutions must be such that when put into contact they 
undergo no chemical interaction. In general any piece of metal 
dipping into any conducting solution may be regarded as a 
half-cell. 

The essential property of a cell is that when the liquid parts 
of the two half-cells are put into contact either through a narrow 
tube or a porous partition, etc., the pieces of metal A and B are 
found to be at different potentials, so that if they are con- 
nected by means of an electrical conductor, a spontaneous 
current is found to flow through the latter. In the interior of 
the cell the same current is being carried by the motion of ions. 

To measure the characteristic e.m.f. of a cell we introduce, by 
means of a potentiometer, an opposing e.m.f. into the external 
circuit. When the value of this applied e.m.f. is raised until it 
becomes nearly equal to the e.m.f. in the cell, the current that 
is being drawn from the cell becomes very small. If the value of 
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the applied is farther increased, the current can be made 
to fall to zero, and thus the value of the e.m.f. of this particular 
cell can he determined. In some types of ceU, of which the 
Daniell ceU is an example, if the apphed opposing e.m.f. is now 
sli ghtly increased, a current begins to flow through the ceU in 
the opposite direction, the value of this current being propor- 
tional to the smaU increment that has been made in the apphed 
e.m.f. Under these circumstances it is found that the processes 
in each half-ceU, which formerly accompanied the flow of cur- 
rent, are now simply taking place in the reverse direction. Such 
a ceU is caUed a reversible ceU — ^meaning reversible both in its 
mechanism and in the thermodynamic sense. 

From what has been said, it is clear that in measuring the 
e.m.f. of a ceU we are interested in its condition when no current 
is flowing, or when a very smaU current is flowing. Since the 
resistance of the electrolyte is not more than a few ohms, the 
total ohmic drop of potential in the liquid, when a current of 
one microampere is flowing, wiU not be more than a few mil- 
lionths of a volt, and may be neglected. The ohmic drop in the 
metal electrodes wiU be smaUer still. 

Some cells used in practice contain a saturated solution in 
contact with some of the substance in solid form. In this volume 
we shaU confine attention to the simpler ceUs, in which no sohd 
is present other than the metal electrodes. Each simple hah-ceU, 
then, consists of two conductors, one metallic and the other 
electrolytic. There is ho appreciable p.d. inside the conductors, 
but there are double layers at the junctions between them. Of 
these the potential difference at the junction between the two 
liquids is in practice always a ismaU fraction of a volt (the same 
solvent being used in each half-ceU), and by various devices 
can be reduced to zero or almost to zero. In discussing the e.m.f. 
of a cell, unless the p.d. at the liquid-liquid junction is specially 
mentioned, it is assumed that it has been eliminated. We are 
left then with three surfaces of contact — ^the two sohd-hquid 
interfaces and the one metal-metal junction which we obtain 
when we close the external circuit of the cell. There may be an 
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electrical double layer at each of these contacts. But when the 
electrodes in the two half-cells are of the same metal, there will 
be no electrical double layer in the external circuit when we make 
contact. There is, thus, an important distinction between cells 
in which both electrodes are of the same metal, and cells where 
the two electrodes are of different metals, as in the Daniell cell. 
In those of the former class, which may be called isometaUic 
cells, we are left only with the electrical double layer at the 
solid-liquid interface in each half-ceU. To avoid using a long 
expression to describe the surface of contact between the 
electrode and the solution we shall caU it simply “the inter- 
face”. Further, the term isometalhc is to be taken to refer only 
to the material of the electrodes and not to the species of 
metaUie ions which may be present in the solutions. 

§2. TEST OF REVEESIBILITY 

The difference in the behaviour of a reversible and an irreversible 
cell was mentioned above. Suppose that ha the exterior circuit 
of the cell we insert a small opposing e.m.f., whose value we 
raise until successively (1) the current being drawn from the ceU 
falls to a very small value, (2) the current becomes impercep- 
tible, and (3) a very small current begins to flow in the reverse 
direction.. If the difference of potential between the terminals 
of the ceU remains at almost the same value from (1) to (3), this 
is a reversible cell. But in an irreversible cell the necessary 
increment in the opposing e.m.f. is considerable. 

When a cell behaves reversibly, we know that both half-cells 
are reversible ; either of these will behave reversibly no matter 
with what other half-cell it is coupled. When a cell does not 
behave reversibly we do not at first know whether this behaviour 
is due to either of the half-cells or to both, but we can find out, 
by couphng each in turn to a half-ceU which we already know 
to be reversible. 

Suppose we take three half-cells of different kinds, A, B, and 
G, and put their solutions in contact, as in fig. 28. Fixing 
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attention on the half-cells containing electrodes A and £, we see 
that they together form a cell A£, whose properties are the 
same whether G is present or not, pro- 
vided that we ensure that no current 
flows through G. In the same way if 
we fix attention on the half-ceUs A 
and G, the properties of the ceU AG 
are the same whether £ is present or 
not, so long as no current flows 
through £. And the same is true for 
the hah-cells £ and G, so long as no current flows through A. 

If one of these half-cells is already known to be reversible, this 
arrangement may be used to test experimentally whether each 
of the other half-ceUs is reversible or not. Suppose that C is 
known to be a reversible half-cell. By taking an external vari- 
able source of e.m.f. and connectiog it to the electrodes A and £, 
we can cause a small steady current to flow through the ceU A£ 
either in the direction A to £ ov in the direction B to At at will. 
And we can proceed meanwhile to measure the potential differ- 
ence between A and G under three conditions: (1) when the 
electrode E is insulated, (2) when a smaU, steady current, say a 
microampere, is flowing through A£ in the direction A to £, and 
(3) when the same steady current is flowing in the direction 
B to Al. If the potential difference between A and G is not the 
same under these three conditions, this must be due to a change 
in the strength of the double layer at the interface between the 
electrode Al and the solution. If an appreciable change in the 
p.d. is found, this cannot be due to any change at the interface 
of G, since G is known to be a reversible half-ceU. And, with so 
smaU a current flowing, the ohmic drop in the solution between 
Al and £ must be extremely smaU. Any change in the p.d. 
between A and G greater than this must be due to a change in 
the strength of the electrical double layer at the solid-Uquid 
interface in the haU-ceU Al. In fact, the observed change in this 
p.d. is an exact measure of the sign and magnitude of the change 
in the double layer inside the half-ceU A. If no appreciable 
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alteration is observed, -4 is a reversible half-cell as well as C, 
In the same way we can next measure the p.d. between the 
terminals of B and 0 under three conditions ; when the terminal 
of A is insulated, and when a small current is flowing through 
AB in either direction. Any change in the measured p.d. will 
be just the change in the electrical double layer inside the 
half-ceU B, 

§3. THE MECHANISM OF REVERSIBILITY 

We may next ask what are the imphcations of reversibihty in 
any half-cell from the point of view of atomic mechanism. We 
can at once answer that reversibility imphes that the half-cefl 
contains a certain amount of some substance in each of two 
states which differ in some way electrically. In one state, or 
both, the particles of this substance are positive or negative ions. 
When a current flows, an equivalent amount of the substance 
changes over from one state to the other. In the external circuit 
and in the metallic electrodes the current is carried by electrons, 
and in the solution by ions. When one electron (or one pair of 
electrons, and so on) has passed round the external circuit, in 
each half-cell an ion has been either formed or discharged, or it 
has had its degree of ionisation raised or lowered — at any rate 
we may say that a positive or negative ion has passed from a 
certain initial state to a certain final state. If we reverse the 
direction of the current, an ion passes back to the initial state. 
In every half-ceU we then recognise the existence of two states 
which we may caU state 1 and state 2. Every reversible hatf-ceU 
must contain an appreciable amount of substance in each of 
these conjugate states; there must be some in state 1 ready to 
change over to state 2 if we pass a current in the appropriate 
direction, and some in state 2 ready to change over to state 1 if ^ 
we choose to pass a current in the reverse direction. Let t^ 
concentration of the substance in state 1 be denoted by cyrot 
the concentration in state 2 by Cg. 

If we couple up a half-ceU with various other half-cell^uctor 
it will in some cases provide the positive terminal, 
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cases the negative terminal of the cell. We must define states 1 
and 2 in each half-cell in a way which is independent of the 
particular half-cell to which it is coupled. Let us then define 
these states in such a way that, when electrons are flowing /rom 
the external circuit through the terminal into the electrode of 
this half-cell, material in the half-cell is changing from 1 to 2. 
Then in any complete cell when one half-cell is changing from 
1 to 2, the other is changing from 2 to 1, the positive terminal of 
the cell being provided by the former and the negative terminal 
by the latter. 

In most simple types of half-cell the substance is in solution 
in both the states 1 and 2 ; and and Cg denote the concentrations 
of the solutes. The type of half-cell containing a soluble electrode 
discussed in the preceding chapter is, however, an exception. In 
state 1 the metaUic ions are in solution at a concentration q; 
and in state 2 the ions are incorporated into the electrode as 
cores of the lattice. In the lattice the number of cores per unit 
volume is a fixed characteristic of the material, and is not under 
our control. Half-cells containing soluble electrodes are pecuhar 
in this respect. In other types of half-cell the concentrations of 
the substance in both states 1 and 2 can be chosen at will, 
within the limi ts set by the solubihty of the substance. 

As mentioned above, no appreciable change in the strength 
of the double layer occurs when the direction of the current 
through a reversible half-cell is reversed, provided that the 
current density is small. The reason for this is clear. Even when 
no current is flowing, particles at the surface of the electrode 
are all the time changing from state 1 to state 2 and from state 2 
to state 1. The number changing from 1 to 2 per second is, in 
fact, exactly eq[ual to the number changing from 2 to 1. There is 
san electrical double layer at the interface whose strength has 
the particular value which makes these numbers equal. An 
extrejnely small change in the strength of this double layer is 
sufficient to upset this balance. Hence we can cause a per- 
ceptible vcurrent to flow in either direction without an appreci- 
able change^in the value of the double layer at the interface. 
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§4. BQUILIBRITJM BETWEEN NEGATIVE 
IONS AND AN ELECTRODE 

When a cell is generating a current, or when some external e.m.f. 
is sending a steady current through the cell, the solutions in the 
cell must of course remaiu electrically neutral. That is to say, 
if a certain number of positive charges are passing into solution 
at one electrode, either an equal number of positive charges 
must be removed from the solution at the other electrode, or 
else an equal number of negative, charges must be sent into the 
solution. If we couple together two half-cells of the kind de- 
scribed in the preceding chapter, the ceU is of the former class — 
while positive ions go into solution from one electrode, an 
equivalent number of positive ions are deposited on the other 
electrode, and the total number of negative ions in solution 
remains constant. 

In order that a metal electrode may be dissolving as positive 
ions, an equivalent stream of electrons must be flowing at the 
same time from the electrode into the external circuit, to prevent 
the accumulation of charge in the metal. In order that a stream 
of negative ions may be formed at the electrode of a cell, a steady 
stream of electrons must be flowing into it from the external 
circuit. If sohd iodine were a conductor of electricity, we could 
imagine ourselves using a crystal of iodine in contact with a 
suitable solvent to provide (and to discharge) negative iodine 
ions, just as we use a crystal of silver to provide positive silver 
ions. In the same way, if hquid bromine were a conductor, we 
could imagine ourselves using a pool of bromine in contact with 
a solvent or with a solution of a bromide, to provide and to 
discharge negative bromine ions, just as we use a pool of mer- 
cury to provide mercury positive ions. Unfortrmately elements 
such as iodine and bromine, which form negative ions in solution, 
are insulators, and the necessary stream of electrons will not 
flow through them. Accordingly, in order to form or to discharge 
negative ions, it is necessary to provide an ancillary conductor 
to carry the stream of electrons from or into the external circuit. 
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For this purpose one uses a piece of metal dipping into the 
solution. Since this metal should play no part in the process, 
other than acting as a channel for the electrons, one uses a metal 
which is insoluble and is not easily oxidised, such as platinum 
or iridium. 

The kind of half-cell in which we shall be interested is one in 
which the transformation of negative ions into neutral substance, 
and of neutral substance into negative ions, takes place equally 
readily in either direction. The piece of metal will be dipping 
into a mixed solution, in which both negative ions and neutral 
substance are dissolved. Such an arrangement forms a rever- 
sible half-oeU, which may be coupled with any other half-cell. 
According to our definition the neutral substance represents 
state 1, and the negative ions state 2. The negative ions at 
concentration Cj are, of course, accompanied by an equivalent 
number of positive ions. Wben a current flows these positive 
ions remain in solution xmchanged. It is found that at low con- 
centrations the behaviour of the half-ceU is independent of the 
particular species of positive ion present. 

Although cells of this type were investigated before the end of 
the last century, a description of them is omitted from many 
text-books. As they are of considerable theoretical interest, it is 
worth while giving a brief sketch of one such investigation. 
Kiister and Crotogmo* in 1899 studied a series of half-cells, aU 
containing in aqueous solution the same concentration of neutral 
iodine but widely different concentrations of potassium iodide. 
These half-cells being coupled in turn to a standard half-ceU, 
the e.m.f.’s of the resultant cells were measured and compared 
at constant temperature. It was found that, the greater the 
concentration of the potassium iodide, the more negative did 
the terminal of the iodine half-ceU become relative to the 
terminal of the standard half-cell. This behaviour is to be 
expected if the positive ions play no part in determining the 
strength of the double layer. The concentration of the potassium 
iodide being varied by a factor of 1200, it was found that over 
* Zeit. f. anorg. Cfhem. 23 , 87 (1899). 
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this range the e.m.f.’s of the cells conld be represented very 
nearly by the simple expression 

,f=^(,-0-06logioc (37). 


The value of the constant depended, of course, on the par- 
ticular kind of half-cell to which the iodine half-cells were 
coupled. In this solution there is a certain complication due to 
the formation of triatomic ions I^-. 

A study was also made of a series of half-cells, aU containing 
the same concentration of potassium iodide but varying amounts 
of neutral iodine in aqueous solution. It was found that when 
the concentration of the neutral iodine was increased, this 
caused a change in the potential of the electrode in the opposite 
direction to the former; i.e. the electrode became progressively 
more positive with respect to the solution. This behaviour of the 
electrical double layer is again what we should expect from the 
ionic mechanism. 

Similar behaviour has been found in half-cells containing 
bromine ions and neutral bromine in solution. 

§5. THE FERRIC -FERE OUS HALF-CELL 

We will pass on now to another type of half-ceU, where an in- 
soluble electrode is dipping into a mixed solution, but one which 
contains a species of metallic ion in two stages of ionisation. 
If a piece of platinxun, or other insoluble metal, is dipping into 
a mixed solution of ferric and ferrous salts dissolved in water, 
pyridine, or other solvent, such an arrangement forms a half- 
cell, which may be coupled with any other reversible half-oeU 
to form a reversible cell. It will be convenient to suppose that 
one and the same species of negative ion is present in both 
half-cells — say chlorine ions. 

By introducing a variable e.m.f. into the external circuit, a 
current of any desired magnitude may be caused to flow through 
the cell either in one direction or the other. Since the two half- 
cells act quite independently, we may first confine our attention 
to the ferric-ferrous half-cell. 
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When the external e.m.f. is driving electrons into the platinum, 
these electrons flovr from the platinum into the solution. The 
electrons are, in fact, passing to the Ue+++ ions, for it is found 
that an equivalent number of Fe+++ ions are being converted 
to Fe++. Conversely, when the current is flovdng through the 
platinum in the opposite direction, electrons are passing from 
the solution into the platinum; the electrons are, in fact, coming 
from the Fe++ of which an equivalent number are changing 
into Fe+++. Thus, the platinum electrode is used either to extract 
electrons from the solution or to pump electrons into it (the 
electrical neutrahty of the solution being maintained by the 
passage of negative ions across the hquid boundary between the 
two half-cells). 

Let R be the ratio between the number of chlorine ions and 
the total number of Fe ions present in the half-ceU at any 
moment. If at the beginning the solution is mainly ferric, the 
value of B will be near 3. As we pump electrons through the 
platinum into the solution, changing Fe+++ into Fe++, the value 
of B falls, passing through 2-9, 2*8, ... and so on. When the value 
of B approaches 2, the solution is nearly all ferrous. The question 
arises : can the process be continued to make the value of B fall 
below 2, changing Fe++ ions to Fe+ ; and if not, why not 1 At the 
same time we may ask whether a similar experiment can be 
made with ions of other elements, for example to change A1+++ 
ions to A1++. Before these questions can be answered in detail 
there are many problems to be considered. In the next chapter 
we begin by examining the status of multiply charged ions in 
solution. 



CHAPTER IX 


§1. SUCCESSIVE DEGREES OF IONISATION 

When the temperature of a metallic vapour, such as calcium 
vapour, is raised sufficiently, thermal ionisation sets in. Elec- 
trons become free, leaving singly charged calcium ions, Ca+. In 
the atmosphere of the sun, for example, the temperature is 
sufficiently high to ionise the calcium vapour almost completely 
to Ca+; but the amount of Ca++ in equilibrium with this is 
extremely small. This result is to be expected. To remove 
another electron from the ion Ca+ requires a further 11-8 e- volts ; 
and, inserting this quantity into the Boltzmann factor, we find 
that the relative amount of Ca++ in equilibrium with Ca+ is 
very small, until an exceedingly high temperature is reached. 
The valency of calcium in its chemical compounds is 2, but this 
is irrelevant; only one of the valence electrons becomes free. 

If one were to ask why Ca++ and A1+++ ions are known in 
solution, while Ca+, A1++, and A1+ are unknown, the usual 
reply would be that calcium is divalent, and aluminium is 
trivalent. But the rules of chemical combination describe how 
atoms and ions combine to form molecules and aggregates. In 
dilute solution the positive and negative ions are as separate 
as in a vapour, and the rules of valency can have no direct 
bearmg on the problem. It is true of course, that, if the, only 
way of obtaining calcium ions in solution were to dissolve a 
substance containing divalent calcium, we should never obtain 
anything but Ca++. But although in the experiment with ferric 
ions, described at the end of the previous chapter, the value of R 
was initially 3, we were able to make B faU continuously through 
fractional values ; and the charge on the Ee ions was not limited 
by the particular compound which had been dissolved at the 
beginning. If a similar experiment cannot be performed starting 
with A1+++ ions, i.e. if the Al+++ion cannot be induced to take 
up an electron, this can certainly not be ascribed to the non- 
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existence of solid AICI2. Where a limitation on ions in solution 
exists, this must be described entirely in terms of solvent and 
solvated ions. 

The questions raised here seem never to have received much 
attention ; and it is easy to see why at no period in the history 
of physical chemistry they have been felt to present an acute 
problem. For in the early days electrolytes in solution were 
thought to consist of neutral molecules, which were temporarily 
broken down to some extent into ions on the application of an 
electric field. When it was first suggested that in dilute solution 
the separation into ions might be a permanent state, the idea 
met with considerable opposition. Its adoption took place so 
gradually that usually ions in dilute solution are still thought 
of as parts of a molecule rather than as independent particles, 
like ions in a gas. 

The methods of solving these problems will be given in 
Chapter xv. In this chapter we shall begin by studying in 
general the nature and behaviour of multiply charged ions in 
solution. We shall approach the question by the method adopted 
in the preceding chapters for singly charged ions — ^that is, we 
shall discuss first atomic ions in vacuo, then molecular ions, and 
then, by a simple transition, ions in solution. 

§2. ELBCTEONIC LEVELS OF IONS IN VACUO 

In Chapter v we have considered how a positive ion in vacuo may 
capture an electron by collision with a neutral atom of some 
other element. A doubly charged ion may capture an electron, 
not only jfrom a neutral atom in the same way, but, under certain 
circumstances, it may also capture an electron from a singly 
charged positive ion ; it may clearly do this when the occupied 
electronic level of the latter lies higher than the vacant level of 
the former. Hitherto in discussing the electronic levels of posi- 
tive ions we have only been concerned with the vacant level of 
the ion (and throughout the book when we say the vacant level 
we shall mean the normal lowest level into which an electron 
can be captured). But we have just seen that sometimes the 
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level in wMch. we are interested will not be the vacant level but 
tbe occupied level of the positive ion (and when we say the 
occupied level we mean the highest level of the ion from which 
an electron can be removed). 

In the hydrogen ion, H+, the depth of the vacant level is 
13-53 €-volts, and the ion possesses no occupied level. We see 
from Table XI that in the ion He+ the depth of the vacant level 
is 24-47 e- volts, and there is also a deep occupied level at 64-16 
e-volts. The doubly charged ion IIe++ has a vacant level which, 
of course, lies at the same value, namely 54-16 e- volts ; the energy 
Hberated when He++ captures an electron is the same as the 
work required to remove an electron from He+. This identity 
apphes to any element in two successive stages of ionisation, 
m and (m-f 1). The depth of the occupied electronic level of the 
ion bearing a charge me is, by definition, the same as the depth 
of the vacant level in the ion bearing the charge {m+l)e‘, they 
are merely two aspects of the same quantity. 

Suppose now, to take an example, we wish to know whether 
the calcium ion Ca++ could capture an electron from a singly 
charged titanium ion Ti+; we see from Table XI that the im 
Ti+ possesses an occupied level whose depth is 13-6 e- volts. The 
Ca+ ion has an occupied level at a depth 11-82 e-volts — or in 
other words the Ca++ ion has a vacant level at 11-82 e-volts. 
This vacant level is nearly 2 e-volts higher than the occupied 
level of Ti+. If then a Ca++ ion collided with a Ti+ ion, in 
vacuo, it would not capture an electron from the latter, even if 
their relative velocity were high enough to enable them to 
approach sufficiently close. 

It is not then the pair of ions Ca++ and Ti+ that are of interest, 
but the alternative pair Ca+ and Ti++. Tor the data which we 
have just quoted are equivalent to the statement that the vacant 
level in Ti++ is nearly two e-volts lower than the occupied level 
in Ca+. It is obviously a simple matter to draw up a list of the 
elements in the order of the electronic levels of their ions in 
vacuo. And we may pass on now to molecular ions. 
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§3. IONISATION POTENTIALS OF MOLECULAR IONS 


If we start with an atomic negative ion A~ and remove successive 
electrons we obtain in turn a neutral atom, an ion A+, an ion 
A++ and so on, as in fig. 5. But, as pointed out in Chapter n, 
in the case of molecular ions we are more restricted as to types, 
because some of the successive stages 
may be imstable. It will, however, be 
convenient to consider a case where all 
successive types exist, although the ease 
may be an imaginary one. Suppose then 
that two atoms A and B form not only 
a neutral diatomic molecule AB, but 
also a negative ion {AB)-, and positive 
ion (AB)+, and (AB)++. In fig. 8 we have 
already considered AB and {AB)+, and 
have shown how their relation to each 
other may be expressed by means of two 
curves. These two curves reappear in 
the middle of fig. 29. Above them has 
been added a curve for (AlB)++, and 
below them another curve for {AB)-. Let D_ and denote 
the dissociation energy and ionisation potential of the negative 
ion, and so on. 

The ion {AB)+ possesses a vacant electron level; the depth of 
the level is equal to whose value according to (9) is given by 



Fig. 29 


/=^-D++D ....:.(38). 

We can obtain a set of expressions of this kind. The super- 
numerary electron in the ion {AB)- is in a level whose depth is 
From fig. 29 its value is clearly given by ■ 

/_= J_+D_-D (39). 

The ion (AB)++ has a vacant level whose depth is given by 

/+= (40), 

and so on for the higher degrees of ionisation. 
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§4. IONISATION POTENTIALS IN SOLUTION 

Passing on now to ions in solution, it will be our object to make 
a similar study of their electron levels, to obtain a set of expres- 
sions like (39) and (40), and a diagram corresponding to fig. 29. 
We have already seen in fig. 10 how the solvation energy of an 
ion corresponds to the dissociation potential of a molecular ion; 
the depth of the Tm'-ni-muTn of the curve, instead of D or D_, is 
for a singly charged ion W or 
W_. In the same way, corre- 
sponding to and i)++, we 
shall for doubly and trebly 
charged ions have other quan- 
tities ; we have seen in Chapter 
I that we must expect the 
solvation energy for these to 
be four and nine times that of 
a singly charged ion of the 
same radius. 

Por any ionic species which 
occurs in solution in two or 
more stages of ionisation, like 
Fe++ and Pe+++, we shall have 
a family of curves like those of fig. 29. The resemblance will be 
close except for one of the curves, namely the one corresponding 
to the curve for the neutral molecule. There will be little or no 
attraction between solvent molecules and a neutral atom; this 
particular potential energy will, therefore, have only a shallow 
miniTnum, if any at aU. For an element which famishes positive 
ions in solution we thus have %. 30 a, the lowest curve being 
for the neutral atom. Fig. 306 is for an element which furnishes 
negative ions, the upper curve being for the neutral atom. We 
may deal with the latter first. The supernumerary electron in 
the singly charged negative ion is in a level at a depth given by 
corresponding to/'_ in fig. 29. It is clear from the diagram 
that, if the upper curve is sufficiently fiat, the term correspond- 
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ing to D in expression (39) drops out, leaving only two terms on 
the right-hand side. The vertical distance between the two upper 
curves of fig. 306 is thus given by 


But this is just the expression that was deduced in Chapter v 
by a different method. 

Turning next to an element famishing positive ions, in fig. 30 a 
the singly charged solvated ion possesses a vacant level at a 
depth J, corresponding to in fig. 29. Again, if the lower curve 
is sufficiently flat, the term corresponding to the last term in 
expression (38) drops out, leaving only two terms on the right- 
hand side. The vertical distance denoted by J in fig. 30a is 
clearly given by 


J= 


■W 


.(42). 


This again is the expression which was deduced m Chapter v. 
If one loots at the various quantities in fig. 30 for singly charged 
ions, one sees directly why the levels of negative ions in solution 
are shifted in the opposite direction to the levels of positive ions 
— ^that is to say, one sees how it comes about that J_ is greater 
than J'_ by the amount W_, while J is less than ^ by the 
amount Wj^. 

To deal with ions in higher stages of ionisation, it will be con- 
venient to devise a more systematic notation. We shall say that 
an ion is “of degree m” when it bears a charge me. Neutralisa- 
tion of an ion will then be regarded as reduction to zero degree. 
The work required to raise the degree of an ion or atom from m 
to m-hl in vacuo is known to speetroscopists as the (m-H)th 
ionisation potential of the element. We may use the notation 
to denote the work required to raise an ion from degree m 
to any other degree m' in vacuo, the ordinary first ionisation 
potential being written The corresponding quantities for 
ions in solution may be denoted by I'or example, the 

depth of the occupied electronic level of Fe++ is while the 
depth of the vacant level of re++ is . 

For positive ions in solution each is less than the corre- 
spondmg quantity in vacuo, because of the change in the 
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solvation energy which, as we have seen, varies at least as 
rapidly as m^. In fact, corresponding to (42) we have 

rri^ m' ~ m;~ mW m' {^^)> 

where is the change in the solvation energy on going from 
degree m to degree m'. The value of for singly charged ions, 
which was deduced in Chapter v and reproduced in expression 
(42), is a special case of (43). In each case expression (43) may 
be verified graphically from fig. 30, which shows clearly the 
relations between the various quantities. For negative ions the 
generalised form of (41) is likewise 

m’^m' ~ m! rnW m! 

To sum up, we see that multiply charged ions are not more 
difficult to deal with than singly charged ions. To remove or add 
an electron involves a certain change of energy which is quite 
definite as soon as we specify the initial and final degrees m and 
to' of the ion. In considering the transfer of an electron between 
one species of ion and another, or between an ion and a metal, 
diagrams like figs. 22 and 25 may be used if we insert the 
electronic level of the ion at the depth corresponding to the 
appropriate value of 

§5. TEANSEERENCE OP ELECTRONS 

We may begin now to study a solution containing a metal in 
two stages of ionisation, for example, the mixed ferric and 
ferrous solution mentioned in § 1. The first point to notice is that 
no work is required to transfer an electron from a Fe++ ion to a 
Fe+++ ion, nor is any energy liberated. The final state has 
exactly the same energy as the initial state, since, when the 
electron is transferred the Fe++ ion has become Fe+++, while the 
Fe+++ has become Fe++. Though there has been an exchange, 
we have a pair of ions identical with the initial pair. In any 
mixed solution containing these ions (or any similar pairs of 
ions) such transference of electrons is certainly taking place all 
the time, though it can only be brought to light by the use of 
isotopes which can be distinguished from each other. 
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In the case of lead the continual interchange was demon- 
strated by Hevesy,* using salts of ordinary lead and of a 
radioactive isotope of lead. In all lead isotopes the 82 electrons 
surrounding the nucleus have exactly the same configuration, 
and the nucleus itself bears the same positive charge 82e; the 
only difference is that of the radioactive nuclei a certain fraction 
disintegrates in every second. Hevesy prepared from lead, con- 
taining a certain amount of a radioactive isotope, some crystals 
of plumbic acetate which he dissolved in hot glacial acetic acid. 
He likewise prepared a similar solution of plumbous acetate 
from ordinary lead. On mixing the solutions and cooling, the 
plumbic salt crystallised out. After these crystals had been 
washed and dried, their radioactivity was measured by direct 
comparison with a specimen of the original plumbic acetate. 

If no interchange had taken place, the radioactivity of a given 
(juantity would be the same as before, for the lead crystallising 
out would be the same as was present in the initial plumbic salt. 
It was found, however, that, within the experimental error, the 
radioactivity had become halved. Half of the radioactive lead 
had remained behind in the solution and had been replaced by 
ordinary lead. In the solution there had evidently been time 
for complete interchange to take place. 

The corresponding experiment was performed starting with 
radioactive plumbous acetate and ordinary plumbic acetate. 
There had again been time for the radioactive atoms to dis- 
tribute themselves equally, for it was found that just half the 
radioactivity had been transferred from the plumbous to the 
plumbic form. 

Interchange of this kind is certainly a general feature of such 
solutions. And we must go on now to apply the same ideas 
when an electrode is introduced into the solution. Let us take, 
for example, the half-cell mentioned in § 1, where a piece of 
platinum was dipping into a mixed ferric-ferrous solution. In 
the neighbourhood of the platinum surface there will be some 
ions of each kind, and we must take the point of view that all 
* Berichte, 53, 410 (1920). 
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the time electrons are escaping from the metal to certain Fe+++ 
ions, while other electrons are escaping to the metal from certain 
Re+'f ions. We must still take this point of view when a small 
current is flowing through the half-cell. A description has 
already been given at the end of the preceding chapter of the way 
in which a small current will flow in either direction through the 
half-ceU, when it is coupled with any other half-cell. And this 
we must now describe by saymg that the number of electrons 
passiag per second from the metal to the is either greater 
than the number of electrons passing from the Fe++ to the metal, 
or it is less, according to the direction in which the current is 
flowing. Electrons are passing in both directions, in and out of 
the metal, and the value of the current is given by the excess 
of one over the other. 

The most striking feature of this process is the ease with 
which a doubly or trebly charged ion gives up a third or fourth 
electron. We know that this process takes place at the enor- 
mously high temperatures in the centre of a star; but it is at 
first a little surprising to find it happening so readily at room; 
temperature. 

In Chapter m we described the escape of an electron from a 
negative ion to a metal, and from a neutral atom to a metal. 
But the occupied level of every singly charged positive ion in 
vacuo is so low that the escape of an electron from a positive ion 
to a metal is a process which never needs to be discussed. It 
would require a surface double layer of many c-volts to bring 
the occupied level of any positive ion above the critical level of 
the metal. The occupied level of every doubly charged ion is, of 
course, much lower stiU; as was mentioned in Chapter ii, if one 
considers the values of successive ionisation potentials J, 
and </+_},, for any element, one finds a fairly rapid progression, 
each being markedly larger than the last. For ions in solution, 
on the other hand, this familiar type of progression is often 
absent. Although in fig. 30 a the vertical distance representing 

has been drawn greater than J, this clearly need not be so. 
We have seen that the solvation energy of a doubly charged ion 
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may be four times as great as for a singly charged ion, or even 
more. And this may bring the minimum of the upper curve lower 
than has been drawn in fig. 30a. Whereas for an atom in vacuo 
the work to remove two electrons is always much greater than 
twice the work to remove one, in solution it need not be ; it may 
even be less than twice. 

§6. ELECTRONIC EQUILIBRIUM IN A HALF-CELL 

When an insulated piece of platinum is dipping into a ferrous- 
ferric or other mixed solution, the number of electrons leaving 
the metal per second must become equal to the number of 
electrons entering it. At the first moment when the piece of 
metal is dipped into the solution there is no reason why these 
numbers should be equal. If the number of electrons leaving 
the metal is initially greater, the metal immediately begins to 
acquire a positive charge, and there grows up an electrical 
double layer, negative outwards, which checks the escape of 
electrons. Conversely, if the number of electrons entering the 
metal is initially greater, there grows up an electrical double 
layer, positive outwards, which checks the entry of electrons, 
and assists their escape. The number of electrons leaving the 
metal depends upon the concentration of re+++ ions ready to 
receive them, while the number of electrons entering the metal 
depends on the concentration of the Te++ ions from which they 
come. The equilibrium value of the electrical double layer 
depends, as we shall see, on the ratio of these two concentra- 
tions. In order to discover what other factors are involved, it 
will be useful to begm by considering only those mixed solutions 
in which the ratio of the two concentrations has been chosen 
equal to unity. Such solutions we shall refer to as standard 
mixed solutions. 

We have seen that in a metal at room temperature the elec- 
tron levels at the “critical” level are half filled with electrons. 
A little above the critical level the levels become nearly empty, 
while a little below they become nearly fuU. We can see that if 
at any moment many electrons are escaping from the metal into 
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the solution, the vacant level of the Pe+++ ions cannot at any 
rate be more than a little above the critical level of the metal 
(compare fig. 25). And if many electrons are entering the metal 
we can say that the occupied level of the Fe++ ions cannot at 
any rate be more than a little below the critical level of the 
metal. But we are now familiar with the idea that the depth of 
the vacant level of re+++ is identical with the depth of the 
occupied level of Fe++; they are, in fact, different names for 
the same quantity What we are concerned with is the 
position of this electronic level of the ions relative to theelectronio 
levels of the metal. We have seen that for equilibrium it must 
be quite near the critical level of the metal. If there exists an 
insoluble metal with a work-function whose value is approxi- 
mately equal to then on dipping this metal into the stan- 
dard solution, scarcely any electrical double layer wiU be needed 
to set up equilibrium. If, on the other hand, the value of ^ for 
the metal electrode is considerably greater than 2^3, the elec- 
tronic level of the ion must be lowered, which wiU require a 
double layer negative inwards ; and if ^ is less than , it will 
require a double layer positive inwards. The argument must run 
very like that given in Chapter vn for metallic cores, where we 
considered in turn elements for which W=Y, for which W<Y, 
and for which pr> 7. In fig. 30 belonging to each of the poten- 
tial valleys there was a set of vibrational levels; so here the 
Fe++ ion possesses a set of vibrational levels belonging to its 
potential valley of fig. 30 a, and so does Fe+++. When Fe++ is 
in its lowest level the work to remove an electron is If the 
electron were not escaping to an electrode, this would be the 
work required to pass from state 2 to state 1. But as the elec- 
tron is escaping to the critical level of the metal, the work (in 
the absence of any double layer at the interface) will be (2J3 — ^). 
This quantity corresponds to ( 7 — 17) in the other problem. 

We may notice that in any half-cell the states 1 and 2 are 
always defined with respect to the electrode; for even when the 
electrode is insoluble and acts merely as a channel for the 
electrons, the value of its work function enters into the definition 
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of the energies of the conjugate states of the half-cell. Further, 
as we know, any electrical double layer over the surface of the 
electrode immediately shifts one set of levels with respect to 
the other set. 

Among the other mixed solutions which behave like Fe+++-' 
Fe++ may be mentioned Ti+++-Ti++, Cr+++-Cr++, Ce++++- 
Ce+++, and C0+++-C0++. If we make up half-cells with standard 
mixed solutions of each of these elements, we can obtain direct 
information as to the relative values of the ionisation potential 
of their ions. On coupling together any two standard half-cells 
with a platinum electrode in each, a difference of potential will 
be found between the terminals unless the value of for one 
of the elements happens to be the same as the value of for 
the other. The terminal of a half-cell will be negative with 
respect to the terminal of any half-cell whose ions have a 
greater value of ^ . 



CHAPTER X 


§ 1. EQUILIBRIUM IN ANY HALE-CELL 

Having looked at three or four different types of half-cell we 
may now carry further the scheme of generalisation which was 
begun in Chapter vm. According to our definition the substance 
in state 1 changes into state 2 when electrons are supphed 
through the electrode. The five possible ways in which the two 
states may differ from one another are shown in Table in. 

Table III 

State 1 State 2 

1. A positive ion of degree m which 

changes to . . . . a positive ion with a smaller 

charge (m— 1) or (m— 2). 

2. A positive ion which changes to neutral substance. 

3. Neutral substance changes to . negative ion. 

4. Negative ion changes to . . negative ion with greater charge. 

6. Positive ion changes to . . negative ion. 

The ferric-ferrous half-ceU is clearly an example of the first 
type, while the iodine half-ceU which we described belongs to 
the third t 3 rpe. Probably half-cells of type 5 do not occur. The 
well-known hydrogen haH-ceU, containing hydrogen positive 
ions and neutral hydrogen, is an example of type 2; and under 
this heading must also be placed every soluble metal electrode. 
In this chapter we shall confine attention almost entirely to 
half-cells containmg msoluble electrodes, since soluble elec- 
trodes present various peculiar features. We have already 
noticed that in such a half-cell only one of the two conjugate 
concentrations is subject to choice. Purther, when a soluble 
electrode is dissolving away or growing by deposition, electrons 
are not flowing through a fix:ed double layer, but the position 
of the double layer is itself continually shifting. On the other 
hand, when the electrode is insoluble, the position of the double 
layer is fixed and we can visualise the passage of a definite 
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ntunber of electrons through this double layer without the least 
ambiguity. When a current is flowing through the half-ceU, and 
the substance is changing from state 1 to state 2 or vice versa, 
in respect of each particle so changing, either 1, 2 or » electrons, 
as the case may be, have to pass through the double layer. 

From this point of view we must draw a distinction between 
two classes of half-cells. In the ferric-ferrous type one Fe ion 
of degree m changes to one ion of degree m' ; there is a one-one 
correspondence between the particles at concentration and 
those at concentration c^. In the iodine half-cell this is not so. 
Here measures the concentration of the neutral iodine in 
solution, which is not atomic but molecular. When a current 
flows, one particle at concentration goes to form two particles 
at concentration Cj. This type of half-eeU requires a longer 
discussion, and in this chapter the expressions (46) and (47) 
which we shall give will apply only to those half-cells where 
there is a one-one correspondence. The general principles, how- 
ever, are the same for all kinds. 

A half-oeU belonging to any of the types in Table III may be 
coupled either to another half-ceU of the same type, or to a half- 
ceU of a different type. In every complete ceU the reaction 
accompanying the flow of current is one which could be carried 
out directly by mixing the reagents. Our aim in every case is to 
use the observed value of the e.m.f. to deduce the characteristic 
energies of the solvated ions. Siuce the e.m.f. depends on the 
concentrations, we must, as already mentioned, understand how 
the concentration factors may be exactly eliminated. 

In state 1 the substance possesses a set of quantised energy 
levels, and in state 2 it possesses another set of quantised levels. 
Let the energy of the lowest level of the former be denoted by 
E-y and of the latter by As we have seen, anelectrical double 

layer at the interface has the effect of shifting one of these sets 
of levels relative to the other set. Consider first the situation 
when no electrical double layer is present at the interface. To 
change a particle from the level E-^ to the level E^ an amount of 
work {E^—Ej) is required. This quantity may be positive or 
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negative; its magnitude may be small or large. Tbe essential 
condition for reversible equilibrium is that transitions can take 
place readily in both directions, wbicb is impossible when tbe 
base of one set of levels bes much bigber than tbe base of tbe 
other set. When tbe magnitude of is large, there must 

grow up a double layer whose sign and magnitude are such as 
to equalise tbe situation by diminishing tbe interval from 


{E^-E^) to 


{E^-E^-neV) 


(45). 


Tbe exact value which F must take depends on tbe ratio of tbe 
conjugate concentrations and Cj . It is only in special circum- 
stances that tbe value of (45) must at equbibrium become 
actually zero. A zero value is required only when tbe transfer 
of a particle from state 1 to state 2 or vice versa is attended by 
no change of entropy; there is always a change of entropy 
except when tbe ratio of tbe concentrations has been specially 
chosen. If we know bow to choose such a ratio — ^wbicb we may 
caU an isentropic ratio — ^we shall be able to eliminate the con- 
centration factor, and neV will be just equal to {E-^—E^. 

At any temperature T we shall then have two Boltzmaim 
distributions, the base of one being tbe base of tbe other 
being E^. Tbe equbibrium between two Boltzmann distributions 
has already been considered in Chapter vn; it was mentioned 
there that tbe analysis would be applicable to other types of 
electrode. 

Although in different types of balf-ceU tbe substance in either 
state may be positive, neutral, or negative, our definition enables 
us to make statements which will be true of every type. In- 
creasing the concentration of the substance in state 1 invariably 
causes the electrode to become more positive with respect to 
the solution; that is, the electrical double layer at the interface 
becomes more negative outwards, or less positive outwards. 
Conversely, if we alter the concentration of the substance in 
state 2, whether this substance consists of positive ions, neutral 
particles, or negative ions — ^iu every case if we increase Cg, 
leaving unaltered, this causes the potential of the metal 
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electrode to become more negative with respect to the solution, 
and consequently more negative with respect to the electrode 
of any half-cell with which this half-cell is coupled. 

Tor equilibrium between the two Boltzmann distributions we 
shall have, corresponding to (30) and (35), 

qexp {E^-n€7 -E)jhT = exp {E^~E)jhT (46), 


.(47). 


E.-E^ hT /jCi 

V=-l ? + — log-^ 

%e The 

A rigorous treatment of the equilibrium leads to the same 
expression. 


§2. PEACTICAL BLECTEODE POTENTIALS 
The coupling together of two half-cells has already been con- 
sidered quahtatively. We wish now to use experimental values 
of e.m.f.’s to obtain information about the characteristic 
energies of ions. For this purpose we must consider briefly the 
conventions used in tabulating observed values of e.m.f.’s. As 
the e.m.f. of a cell depends on the temperature and on the con- 
centrations, it is important to record accurate values of e.m.f. 
for cells in an agreed standard state. A temperature of 25° C. 
is usually adopted, and one mol per litre is taken as unit con- 
centration for the ions. The value usually tabulated is the 
e.m.f. which the cell would have with the ions, not at unit 
concentration, but at unit activity, a condition which was 
defined in Chapter vn. 

Since the two halves of any cell operate independently, in any 
complete cell each half-cell makes its own contribution to the 
total e.m.f. Rather than tabulate the e.m.f.’s of complete cells, 
it would obviously be preferable, if it were possible, to have a 
hst recording the contribution made by each half-ceU which has 
been investigated. Then for any complete cell formed from any 
two of the half-cells, the e.m.f. would be simply the sum of the 
contributions. For practical purposes it is only necessary to. 
allot to each half-cell an arbitrary number, such that, when we 
couple together any two half-cells, the value of the e.m.f. in volts 
win be given by the difference between the numbers which have 
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been allotted to tbe two half-cells. To obtain such a list of 
numbers, it is only necessary to choose some particular half-cell 
as a universal reference electrode. Suppose that A, B and 0 in 
fig. 28 are three reversible half-cells containing different sub- 
stances dissolved in the same solvent. The e.m.f. of the cell AB 
is independent of the presence of C, and is equal to the sum of 
the e.m.f. 's of the cells AG and CB, (Having regard to sign, the 
sum of the e.m.f.’s of any two cells AG and GB is equal to the 
difference of the e.m.f. ’s of AG and BG.) The e.m.f. of the cell 
AB is thus divided arbitrarily into two unequal parts, which 
may be regarded as the contributions of the half-cell A and the 
half-cell B, respectively. Suppose now that the half-cell B is 
replaced by a different half-cell D. If the e.m.f. of the cell DG 
is regarded as the contribution of the half-cell D, that ascribed 
to the half-cell A is the same as before, namely the e.m.f. of the 
cell AG, For systematic correlation of all half-cells containing 
aqueous solutions there is an international agreement as to the 
particular half-cell which is to be used for the reference elec- 
trode G. This is a standard hydrogen half-cell in which the 
neutral hydrogen in solution is in equilibrium with gaseous 
hydrogen at a pressure of one atmosphere, and the hydrogen 
ions are at unit activity. 

In every simple isometallic cell the e.m.f. is just the algebraic 
sum of the strengths of the electrical double layers at the solid- 
hquid interface in each half-ceU. The strength of the double layer 
has a value which is quite independent of that in the other half- 
cell to which it is coupled. In contrast to the arbitrary numbers 
which we have described above, it is clear that in any iso- 
metallic ceU the true contribution of each half-cell is quite 
definite and not in any way arbitrary. In a simple bimetallic 
cell the e.m.f. is the algebraic sum of the strengths of three 
electrical double layers. The discussion of bimetallic cells will 
be postponed to Chapter xv; in this chapter we shall consider 
only cells in which both electrodes are of the same metal. For 
each half-ceU we have an expression (47), and the value of the 
e.m.f is obtained by subtracting one from the other. 


8-2 
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K the electrode of one half-cell A is positive with respect 
to the electrode of the half-cell B, this does not, of course, 
imply that the electrode of A is necessarily positive with respect 
to the solution within the cell; there are three possibilities for 
the pair of electrical double layers: (1) both electrodes are 
positive with respect to the solution, A being more positive than 
B, (2) both electrodes are negative with respect to the solution, 
B being more negative than A, and (3) A is positive with respect 
to the solution and B is negative with respect to the solution. 


§3. CONCENTEATION CELLS 


A change in the electrical double layer in one half-ceU imphes, 
of course, an equal change in the e.m.f. of the cell. In any 
complete ceU we have in general four concentrations, namely the 
two in each half-cell. It has long been known that if we alter 
one of these four concentrations, leaving the other three un- 
altered — ^if, say, in one half-cell we alter to the value c/ — 
then the change in the e.m.f. of the ceU, expressed in volts, will 
at room temperature be given very nearly by 


0-025 , d 

— ‘“S-c” 


0-059 

n 





where n has the meaning given above. This result is to be 
expected from (47), since the numerical value of hT at room 
temperature is 0-025 e-volt. 

In this connection we may in passing mention what are known 
as concentration cells. Suppose that we couple together two 
half-ceUs which are identical except in respect of one of the 
concentrations, say that of state 1, which has the value in one 
half-cell, and in the other, the value of Cg being the same in 
both half cells. The values of and E^ will be the same in both, 
and it is clear from (47) that in ddute solution the double layer 
at the interface in one half-cell will differ from that in the other 
by just the amount (48). Apart from the liquid junction, the 
complete cell will possess an e.m.f. of this value. This fact has 
long been understood from thermodynamic reasoning. When 
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the external circnit of the cell is closed, and a charge is allowed 
to flow, in one half-cell a certain amount of substance is remored 
from state 1 at concentration c^, and in the other half-cell an 
equal amount of substance enters state 1 at a concentration c^'. 
La other words, the substance is brought from concentration 
Cl to c/, for which, according to (23) an amount of work 
kT log fiCjfi'Ci per molecule is required. It is unnecessary to 
mention the loss and gain of substance in state 2, because the 
concentration Cj is the same in both half-cells. 

§4. IONISATION POTENTIALS AND E.M.F. 

We are interested in cells of the opposite type, where the con- 
centration term is zero, and the e.m.f. is determined only by the 
energies E in each half-cefl. We may at last begin to draw the 
quantitative conclusions, for the sake of which the discussion 
of cells was introduced in the first place. Table IV gives the 

Table IV 

Standabd oxidation-eeduction potentials in aqueous 

SOLUTION EBFBBEED TO THE HVDEOGEN ELECTEOUE 


Volts 

Cr+++ Cr++ -0-4 

Ti++ +0-37 

Fe++ -)-0-75 

Ce+++ + 1.55 

Co+++ Co++ -1- 1-82 


results for half-cells of the ferric-ferrous type, taken from the 
International Critical Tables. Fortunately, the values refer to 
half-cells where the ions of degree m and those of degree m' were 
at equal activity, which is just the condition which eliminates 
the term hT log Oxla^. 

At the end of the preceding chapter we saw how equilibrium 
is set up between the ions and an insulated electrode. An ion 
changes from state 1 to state 2 when one electron escapes from 
the metal to the ion. In this half-cell we clearly have 

(Ej^-E^-neV) = ( 49 ). 

If we couple together two half-cells of this type, one containing 
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ions of a metal A and the other ions of a metal B, the ratio of 
the concentrations being in both cases isentropic, we have, 
omitting the subscripts m and 

= — ^ and €Vq==Jq — <^ (50). 

There is no doubt as to the direction in which the spontaneous 
current wiH flow. The electrode of the half-cell whose ion has 
the lower electronic level will be positive with respect to the 
other. That is to say, the spontaneous current which flows con- 
sists of electrons coming from the occupied level of one species 
of ion and passing to the lower vacant level of the ions of the 
other metal, as would happen in direct mixing. 

The potential difference between the electrodes, that is, the 
value of the e.m.f. S, is given by 

eS = € ^ (^i)- 

The value of the e.m.f. in volts is the same as the difference 
between the ionisation potentials expressed in e-volts. We con- 
clude then that the difference between any pair of numbers in 
Table IV gives the difference between the electronic levels of 
the ions. Accordingly the ion Ce++++ wiU capture an electron 
from re++, the ion Te+++ will capture an electron from the ion 
Ti++ Qj. £[.om the ion Cr++, either by direct encounter or by the 
intermediacy of electrodes. The occupied electronic level of 
CJr++ about 2*2 e-volts higher than the occupied level 

of 00 *^+. 



CHAPTEB XI 


§1. THE DEGREE OF DISSOCIATION INTO IONS 

In Chapter ix mention was made of the early ideas regarding 
conducting solutions. It was at first suggested that the applica- 
tion of an external field had the effect of breaking some mole- 
cules into ions, which recombined as soon as the field was 
removed. Later the idea that some of the molecules were per- 
manently dissociated into ions received support from evidence 
which appeared to show that the osmotic pressure of con- 
ducting solutions was higher than that of non-conducting 
solutions. 

When in this chapter, employing the usual terminology, we 
speak of osmotic coefficients, and cite experimental results, 
these values have for the most part been obtained, not by direct 
measurement of the osmotic pressure, but by one or the other 
of the well-known mdirect methods. For example, when a 
solution is frozen, pure solvent crystallises out. In order that 
any crystal of solvent may grow, the particles of solute must 
obviously be driven back. In growing, each crystal of pure 
solvent has to make room for itself against the osmotic pressure 
of the solute, the value of which is obtained by observing the 
freezing point of the solution. Results derived m this way are 
in good agreement with those obtained from measurements of 
the vapour pressure of the solution. 

For a 1/lOth molar solution of KOI in water the osmotic 
pressure was found to be some 80 per cent, greater than for a 
substance like sugar at the same concentration. This was taken 
to mean that the molecules of KCl were about 80 per cent, dis- 
sociated into ions in this solution. S imila rly for a 1/lOth molar 
solution of BaCl 2 the osmotic pressure was as much as 2-5 times 
the normal value, indicating that some molecules had been 
dissociated into three ions (see Table V) . For the same substance 
dissolved in organic solvents the osmotic pressure was usually 
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much, nearer the normal value. This was taken to mean that in 
non-aqueous solvents the substances were dissociated into ions 
to a much smaEer extent. 

It was mentioned in Chapter rr that the law of mass action in 
the simple form a?l{l — (x.)cc v applies only to a substance 
behaving as a perfect gas. Nevertheless an imperfect gas or 
solute whl follow a similar course, tending towards complete 
dissociation at infinite dilution. In the solutions cited below 
the numbers should, therefore, be found to tend to 2 for salts 
like KOI and MgSO^, to 3 for salts like BaCl 2 , and to 4 for 
trivalent salts. The examples of aq[ueous solutions given in 
Table V are consistent with this rule. 


Table V 

7 = CONCENTRATION IN MOLS PER 1000 GR. OF WATER 
t = RATIO OF OBSERVED OSMOTIC PRESSURE TO THE 
VALUE FOR UNDISSOCIATED MOLECULES 


KCl 

y i 

0-0010 1*97 

0-0100 1-94 

BaCla 

y i 

0-00087 . 2-86 

0-0114 2-72 


MgSO^ 

y i 

0-0049 1-60 

0-0160 1-48 

La(!Nr 03)3 

y i 

0-00132 3-75 

0-00806 3-40 


As already mentioned, values of i like those given in Table V, 
deduced from different properties of the same solution, were 
found to be in agreement with one another. Since, however, 
these alternative experimental methods of determining the 
supposed equilibrium between neutral molecules and ions all 
depended on the osmotic pressure, it was very desirable to have 
an independent method, having no connection with osmotic 
pressure. Measurements of the electrical conductivity of the 
solutions appeared to fulfil this requirement. When an electric 
field is applied to a solution, the Brownian movement of each 
ion is no longer random, but possesses a certain drift in one 
direction or the other according to the charge borne by the ion. 
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For any species of ion the value of the drift velocity in unit 
field depends on the solvent in which the ion is situated, and is 
known as the mobility of the ion in that solvent. With rise of 
temperature the viscosity of the solvent decreases rapidly, and 
the mobility of aU ions consequently increases ; in this chapter 
we shall be concerned only with the conductivity at room 
temperature. 

The value of the mobility varies little from one species of ion 
to another, and so the conductivity of a solution is at least a 
rough measure of the number of ions present. Many soluble 
organic substances give feebly conducting solutions, and for 
these solutions the value of the osmotic pressure supports the 
idea that at moderate concentrations the solute consists almost 
entirely of undissociated molecules. On the other hand, in- 
organic substances soluble in water, with few exceptions, give 
strongly conducting solutions ; in each case the osmotic pressure 
has a high value, hke those of Table V. 

In a sufficiently dilute solution the viscous forces limiting the 
mobility of any ion will be almost identical with those in a pure 
solvent. It was supposed, therefore, that in very dilute solutions 
the mobility could be taken as independent of the concentra- 
tion; in which case the values of the conductivity at various 
concentrations would be a direct measure of the number of ions 
present. Now if the ideas of p. 120 are correct, the number of ions 
will not be proportional to the concentration of the solute, since 
at higher concentrations more pairs of ions are united to form 
neutral molecules. If the conductivity is plotted against the 
concentration, the relation wiU not be linear; the conductivity 
wiU increase less rapidly, due to the progressive increase in the 
number of neutral molecules which play no part in carrying the 
current. In other words, the conductivity per gram of substance 
dissolved wfil not remain constant, but will faU off steadily with 
increasing concentration. For ah electrolytes the conductivity 
is, in fact, found to behave in this way. Further, in non-aqueous 
solutions, judging from the osmotic results, one would expect 
the presence of neutral molecules to be more marked; and it is 
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found that the equivalent conductivity of non-aqueous solutions 
falls off even more rapidly than that of aqueous solutions. This 
was taken to be additional evidence that in non-aqueous sol- 
vents molecules are dissociated into ions to a smaller extent 
than in water. 


§2. COMPLETE DISSOCIATION 

It has already been mentioned that about 1920 the idea became 
prevalent that crystals of many of the simple salts, such as 
hTaCl, were to be described as consisting, not of neutral NaCl 
molecules, but of rows of alternate positive and negative ions 
with their electronic shells in contact. This idea drew attention 
afresh to a view' of electrolytic solutions which had already been 
mooted more than once. If the positive and negative ions 
present in the crystal lattice went into solution separately, and 
all remained as separate positive and negative ions, there would 
be no neutral solute molecules present at aU. We have seen how 
the experimental results of both the conductivity and osmotic 
methods appeared to indicate the presence of a proportion of 
neutral molecules in aU solutions, even in dilute sdlutions of the 
substances mentioned. If, then, it is true that in many solutions 
no neutral molecules are present, this agreement must have 
been fortuitous, and a separate explanation must be found for 
the experimental results in both classes of phenomena. 

As soon as we tentatively adopt the idea of complete dissocia- 
tion of ions, the quantities on which we fix our attention are 
changed. In § 1 it was mentioned how in early days the osmotic 
pressure of electrolytes was found to be greater than that of 
substances like sugar. But now we no longer wish to explain 
why the actual osmotic pressme P is greater than the osmotic 
pressure of an ideal solution containing the same number of 
molecules. On the contrary, we wish to explain why the actual 
osmotic pressure P is less than the osmotic pressure Pq of an 
ideal solution containing as many particles as there will be ions 
in the electrolytic solution, if the solute is completely dissociated. 
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Our preliiuinary discussion of this problem was summed up in 
(20) and (25). Let the ratio between P and Pq be denoted by g, 

P = gPo (^^)* 

Here g will be a number less than unity, depending on the con- 
centration, and known as the osmotic coefficient of the solution. 


§3. INTEPIONIC FORCES 

To evaluate the configuration energy of the solution, we have 
to consider the interionic forces. Though a positive andanegative 
ion attract one another, this will change over into the usual 
intense repulsion when the ions are brought close together. For 
all species of ions between which the attraction is purely electro- 
static, i.e. where no exchange forces contribute towards the 
attraction, the minimum of the potential energy will be much 
shallower than for the same ions in a vacuum. Since in the 
solvent all electrostatic forces are diminished, the depth of the 
potential vaUey, instead of being, say, 5 c-volts for a pair of 
singly charged ions, wiU be only a small fraction of an e-volt. 
The bottom of the potential valley wiU be broad and shallow, 
as in curve a of fig. 31. 

Considering next two of the positive ions, we shaUhave a curve 
that is rising all the way— at first slowly, due to the Coulombic 
repulsion, and then at a certain radius more steeply when the 
solvated ions are coming into ''contact’’. If the negative ions 
bear the same charge as the positives, the electrostatic repulsion 
at long distances will be identical; for large values of r curves b 
and c coincide; but if the radii of the ions are different, as is 
generally the case, the steep part of the curve will begin at a 
larger or smaller value of r. 

In this chapter we shall fix our attention almost entirely on 
those electrolytes where the positive and negative ions bear 
equal charges and are thus present in equal numbers, such as 
MgSO^ and NaCl. For a pair of doubly charged ions situated in 
the same solvent, the electrostatic forces are, of course, four times 
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as great as for singly charged ions. We shall, therefore, have a 
curve falling four times as steeply as curve a, and a curve rising 
four times as steeply as curves h and c ; these are indicated hy the 
dotted curves in fig. 31. For large values of r curve a below the 
axis is the mirror image of curve b above the axis ; and the same 
is true for the pair of dotted curves. 

In the left-hand half of fig. 31 the shapes of the curves are 
characteristic of the particular species of ions under considera- 
tion, depending upon the radii of their electronic configurations, 
etc. But to the right of some fine, like the vertical dotted line 
in fig. 31, the curves a and h 
represent purely Coulomb forces 
and will be the same for any 
pair of singly charged ions (and 
curves d and e for any pair of 
doubly charged ions). Now at 
very low concentrations of the 
solute the ions spend most of 
their time at long distances from 
one another, and the left-hand 
side of fig. 31 becomes relatively 
unimportant. In very dilute 
solutions, then, the problem is much simpler, and any results 
that we obtain will apply to all species of ions. It is only at 
higher concentrations that each solute will begin to show 
individual behaviour. 

As far as the kinetic energy of an ion is concerned, this is in 
equilibrium with the kinetic energy of the solvent molecules by 
which the ion is being jostled. Its potential energy in the field 
of the other positive and negative ions wiU be determined by the 
appropriate curves of fig. 31. And we can now begin to attack 
the main problem, by making use of the fact that the number of 
ions possessing a certain amount of potential energy will be 
given by the Boltzmaim law. 



Fig. 31 
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Suppose that we fix our attention on a small volume dv, at a 
fixed point in the interior of a dfiute solution, and observe the 
ions which enter this volume. We shall find sometimes a positive 
ion, and sometimes a negative ion, entering and spending either 
a shorter or longer interval in the volume. But we know that if 
our observations extend over a period of time long compared 
with the Brownian movement, the average charge density wiU 
be zero. Suppose, on the other hand, that we observe a small 
volume dv, not at a fixed point in the solution, but at a small 
distance r from one particular ion, on which we choose to fix our 
attention; we shall call this ion the “central” ion; as this ion 
moves about, the volume dv moves with it at a fixed distance r. 
We wish to show that under these circumstances the average 
charge density p in the volume dv, taken over a sufficiently long 
period of time, is not zero, but is negative when the central ion 
is positive, and positive when the central is negative. At large 
distances the central ion, of course, exerts a negligible influence ; 
hence with increasiug r the charge density p thius out, and tends 
to zero. 

If 7+ is the potential energy of a positive ion in the volume 
element dv, the average number of positive ions in this volume 
element wiU be, by Boltzmaim’s law 


n^dv = .dv 


.(53). 


Similarly, if F_ is the potential energy of a negative ion in the 

same volume element, the average number of negative ions 

there will be , v ihT j 

n_dv = .dv (54). 

If the temperature is raised, the distribution approaches a 
uniform random distribution; both and n_ tend towards n, 
the number of ion pairs per unit volume. 

Let the ions bear charges ±q; then the average charge 
density is given by 


n_q) 


.(55). 


The sign of p is positive or negative according as the value of 
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(53) is greater or less than (54). The values of and F_ depend 
on whether a positive or negative central ion is under con- 
sideration. Let us first take a positive ion as the central ion. 
We shall use curves a, b and c of fig. 31, if we are dealing with 
singly charged ions. The potential energy of a positive ion F+ 
consists of two parts, the main part due to the repulsion of the 
central ion, and a smaller part due to the other ions. The former 
will be given by the ordinate at the appropriate point on curve 
6 or c of fig. 31, corresponding to the distance r under con- 
sideration. The potential energy due to the other ions is at 
present unknown. Similarly F_ consists of two parts, fihst that 
due to the central ion, given by the appropriate point on curve a, 
and secondly that due to the other ions. 

For very dilute solutions, as mentioned above, we can sim- 
plify the problem by neglecting the left-hand half of fig. 31, 
taking only the electrostatic portions of the curves, where 
curve a below the axis is the mirror image of curve 6 above. 

If m the volume dv under consideration the electrostatic 
potential is ijj, the potential energy of a positive charge q in this 
volume will be F+ = qijf, while the potential energy of a negative 
ion will be F_== — q>p- We can substitute these values in (53) 
and (54). 

The electrical potential at a distance r from a single charge q 
is qlKr. The average potential ^ will differ from this value to 
some extent, due to the negative charge density round the ion, 
which we are trying to evaluate. It is easy to see in which 
direction the value will differ, and where the difference will be 
greatest. Let the central ion under consideration be a positive 
ion, bearing a charge q, with a slight excess of negative neigh- 
bours. Suppose that we have a free electron, which we let move 
through this assembly, past the central ion. We wish to know 
the potential energy of this electron at every point of its path. 
We may suppose that the electron moves sufficiently fast for 
the ions to have no time to alter their positions on its account. 
Let the dotted line MFD of fig. 32 be a plot of —eqjKr, the 
potential energy which the electronic charge e would have in the 
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field of the charge q if the neighbours were absent : and consider 
how the required curve will differ from this. We can say at once 
(1) that for large values of r the required curve must still become 
asymptotic to the axis; and (2) that when the electron is ex- 
tremely near the central ion it is in a field which has the same 
intensity as if the neighbours were absent. 

For the central solvated ion has a certain 
radius, and no neighbour on collision 
with it approaches nearer than a certain 
distance a. For values of r less than a 
the required curve must have the same 
slope as if the neighbours were absent; 
i.e. m this region the curve is the same as 
EF, only shifted vertically upward or 
downward. Clearly the shift must be an 
upward one. For as our electron approaches the central positive 
ion the slightly negative atmosphere round it exerts a screening 
effect; the potential energy curve will, therefore, fall less steeply 
than DF. We require some curve like DBA, whose shape will 
depend on the concentration of the solution. We shall have to. 
obtaiu an expression for the curve DB ; but our only object in 
doing so will be to evaluate the vertical distance of AB above 
EF. For if we consider what this vertical shift represents, we 
shall see that it gives us the quantity which we require. The 
curve EF was a plot of —eqjKr, the potential energy of our 
electron in the field of the central charge q alone. The curve AB 
gives the total potential energy —eip in the field of the central 
charge and its neighbours. If the vertical shift of AB above EF 
is called ey, 

The quantity x is the constant electrical potential within this 
region due to the neighbours outside. Since the central ion itself 
is not subject to its own field but only that of its neighbours, its 
potential energy is just —qx- This is the quantity we need for 
the configuration energy of the solution — ^the work required to 
remove an ion from its neighbours. 



Fig. 32 
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To obtain an expression for ip, Debye and Hiiokel made use of 
the fact that it must be connected with the average density p 
by Poisson’s equation 


which from (56) and (54) gives 

4— 

= 4 - — ( 53 )^ 

j6l 

For larger values of r than those included in fig. 31 both the 
curves He nearer the axis, so that the value of ^ is everywhere 
less than 1/100 of an e-volt. In obtaining (58) for dilute solution, 
we have already made the approximation of neglecting the 
left-hand half of fig. 31. If we go on now to consider stiU more 
dilute solutions, we may suppose that the ions spend so Httle 
of their time near to each other that we may make the further 
approximation of taking into account only those large values of 
r where qijt is small compared with the thermal energy IcT (1/40 
of an e-volt at room temperature). Since, when x is any number 
small compared with unity, e® is approximately equal to (1 -1-*), 
the bracket in (58) wiU reduce to 2qij}jhT, and (58) may be 

VV = (59), 

where Hs a length given by 

, [KkT fWkT 

87inq^~J ' 8n 

b being the length defined by (21). The solution of (59), which 
tends to zero for large values of r, is 

^ = —r 


When the value of the arbitrary constant A has been correctly 
chosen, we can obtain an expression for the curve BD in fig. 32. 
Further, the intensity of the electrostatic field in this region is 
found by differentiating (61) with respect to r. This gives 
d^i _ Ae-^l’’ 

dr 


il+rll) 


(62). 
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In particular, the intensity of the field at r = a can be obtained 
by substituting in this expression. But we already know the 
intensity here. In the region AB of fig. 32 the field is simply 
qjr^ due to the central charge, and is consequently qja^ &ir=a. 
Equating these two expressions we find 


^ q 

^ ^ 1 ( 1 +^ 


(63). 


We have now aU the material needed for finding the con- 
figuration energy of a solution. For, writing r=a in (56) and 
in (61), and substituting for A, we find 


Ka(l+a/l)) 


El(l+a/l) 


.(64). 


In the very dilute solutions with which we are dealing the radius 
a is small compared with the length 1; at the lowest concentra- 
tions ajl in the bracket is small compared with unity, and may 
he omitted. The work required to remove an ion from its neigh- 
bours when there are n ion pairs per cm.® is then simply 



ISn 

Xib^ V M’ 


.(65) 

( 66 ). 


For a negative charge it has the same value as 'for an equal 
positive charge. The following expressions are useful for ions 
bearing charges + me : 

X = ~^=B{m,f=_Cv-i (67), 


To obtain the electrostatic potential energy of a solution con- 
taining altogether N ions (that is 2nv ions in v cm.^), we make 
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use of the expression (6) given at the end of Chapter i. The value 
is clearly ^ {2nvqx) = IBN {mef ' (68). 

In § 1 of Chapter vn the questions were raised {a) as to whether 
ions take up the same average configuration in different solvents, 
{b) whether the average configuration at any concentration is 
the same at all other concentrations, and (c) whether the average 
configuration of the ions will be the same as if we substitute 
doubly charged ions for singly charged ions. It was shown that 
if conditions (a), (b) and (c) are fulfilled, the quasi-lattice energy 
will vary as q^, as 1 jK and as 1/b. It is clear now that the answers 
to all three questions are in the negative. The essential feature 
of the average configuration in any ionic solution is a discrimina- 
tion between like and unlike neighbours. The sharpness of this 
discrimination is determined by the average strength of the 
electrostatic attraction and repulsion between the ions. 

If we compare the same ions in two different solvents, there 
will be a more intense diseriimnation in the solvent whose 
dielectric constant is lower; the configuration which the ions 
will take up will itself be such as to give a greater quasi-lattice 
energy, quite apart from the increase (proportional to 1/K) 
which there would have been if the configuration had remained 
the same. The value wiU thus vary more rapidly than 1/if ; in 
fact, we see from (66) that it varies inversely as K^. 

Let us take next the question of the ionic charges. If for 
singly charged ions we substitute doubly charged ions at the 
same concentration, the more intense forces will again produce 
a sharper discrimination. This wiU give a greater quasi-lattice 
energy, quite apart from the four-fold increase which there 
would have been if the configuration had remained the same. 
We see from (66) that the value varies, not as q^, but as g®. 

PinaUy there is the question of a simple change of concentra- 
tion. If we diminish the volume in which the ions are contained, 
and so diminish the average distances between them, the stronger 
forces produce a greater discrimination between like and unlike 
neighbours. The relative position of the ions is not a repUca 
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of what it would be at a lower concentration. The eiB^rgy, there- 
fore, varies more rapidly than 1/6; we see from (66)'^--fhat it 
varies inversely as 6^. 

These features of the problem are clearly brought out if w'^l. 
write (65) in the form 


I kT 


.(69). 


The quantity under the square-root may be termed the ''con- 
figuration factor”, multiplying the purely electrostatic term. 
The fact that the state of the solution is governed by a balance 
between the electrostatic forces and the thermal agitation is 
represented by this quantity under the square-root sign, which 
is simply a ratio between the electrostatic energy and the thermal 
energy. 


§5. THE FREE ENERGY 

In Chapter vh we imagined a solution contained in a cylinder 
provided with a semi-permeable membrane, and considered the 
heat which will flow into the solution from the surroundings 
when an isothermal expansion takes place. We must now enquire 
whether the presence of electrostatic forces will cause any altera- 
tion in the amount of heat which flows. If it does, this will 
mean a farther alteration in the amount of work, and hence a 
further alteration in the osmotic pressure. The quantity (68) is 
the electrostatic potential energy of the solute, but nothing has 
been said as to whether in an isothermal expansion some of the 
requisite energy enters the solution in the form of heat. 

The problem may be stated in another way. We have said 
that, when we compress an ionic solution, we have to do less 
than the normal amount of work, because the solute falls to a 
state of lower electrostatic energy. Bul^lj^iust now ask the 
question — ^When it falls to the state of lo^^potential energy, 
is any of this energy lost to the surroundings in the form of 
heat? If some is lost, the diminution in the osmotic work will 
not be as great as if none were lost. 


9-2 
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An infinji^y slow isothermal expansion is not the only way 
in which'^we may imagine the interionic forces reduced reversibly 
zero. Keeping the volume of the solution unchanged, we 
■^nay destroy the electrostatic forces by allowing the positive 
and negative charges to neutralise one another. We shall do 
this, not by transferring an electron from each negative ion to 
a positive, but by the entirely imaginary process of conveying 
indefinitely small elements of electricity Sg* from one species to 
the other until, finally, we have a solution of neutral particles. 

In Chapter i we mentioned the method of calculating the 
energy of a charged body, either in a vacuum or in a solvent, 
by imagining the charge brought up as indefinitely small ele- 
ments hq. The answer to our problem is most easily found by 
carrying out a similar process, not for a single charge, but for 
an assembly of charges. Let us start then with a solution con- 
taining singly charged ions, A+ and X~—n of each per cubic 
centimetre. We will convert this into a solution containing only 
neutral particles A and X at the same concentration. As we 
have said, we shall do this reversibly by systematically con- 
veying elements of charge Sg' from one species to the other, until 
finally aU the particles become neutral simultaneously. 

The expressions (59) to (65) are true whether q is an integral 
multiple of the electronic charge e or not. We are going to 
suppose that on each positive ion the value of q falls continuously 
from e to 0, and on each negative ion from — e to 0. Meanwhile 
the electric potential due to the neighbouring charges will every- 
where fall to zero. In carrying out the neutrahsation we have, 
of course, to supply the solvation energy of each ion, which was 
dealt with in Chapter i ; in this chapter we are concerned only 
with the interionic forces. When we consider the work required 
to transfer an element of positive electricity Zq from an A+ to 
an X~, we are concerned only with the forces between hq and 
the neighbours of A+ and X-. The ion A+ is surrounded by an 
excess of negative neighbours, and an amount of work bas 
to be done to remove the positive charge Sq from their attrac- 
tion. Turther, the ion X- is surrounded by an excess of positive 
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neighbours; to bring up the positive charge hq against their 
repulsion requires an amount of work more 

simply, we are conveying the charge Bq from a place where- 
the electrical potential is — x ^ place where it is +x* The 
work required is and the work to do this for ti ion pairs 
amounts to 2nxBq. 

Further elements of charge are to be transferred until all the 
ions have become neutral particles. If during tMs process the 
initial configuration of the ions were preserved throughout, we 
should find for the total work ^BN (me)^ as in (68) above. But 
as the charges on the ions grow smaller, the temperature of 
the solution T remaining constant, the configuration becomes 
progressively more random, until finally it is completely random. 
We shall find that during this process heat flows into the solution 
and does some of the work against the electrostatic forces. To 
obtain the work done in neutralising N ions, we have to inte- 
grate 2nvxdq from € to 0 for singly charged ions, and from me 
to 0 for multiply charged ions 


’0 

J n 


2nvBq^dq = ^NB { 7 , 


.(70). 


The diflerence between this quantity and (68) represents the 
amount of heat which flows into the solution. 

To find the osmotic coefficient of the solution, we have to 
differentiate (70) with respect to the volume v. From (67), (25), 
and (52) we find 


= INme Gv'-^ 
^ dv 



where 
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§ 6. COMPARISON WITH EXPERIMENT 

We are at last in a position to answer the main question raised 
in this chapter — ^whether it is possible to account for the 
behaviour of dilute solutions without assuming the presence 
of neutral molecules. To take a numerical example, we may 
evaluate (72) for l/500th molar solutions of various univalent 
electrolytes in different solvents, and see whether it is sufficiently 
large, compared with Pq, to account for the values of i given 
in Table V. It is convenient to remember that a pressure of 
one atmosphere is a mUlion dynes per square centimetre — ^that 
is for a gas at room temperature, i.e. containing 2*7 x 10^* 
molecules per cm.®. A 1/lOOth molar solution contains 6 x lO’-® 
molecules per cm.® and exerts an osmotic pressure 0-22 of an 
atmosphere. Tor a l/500th molar solution of an electrolyte 
completely dissociated into pairs of ions the value of the ideal 
osmotic pressure Pq is thus about 88,000 dynes per cm.®. 

At room temperature the value of (71) is found to be 

dFIdv = 8-7 X 10-22^^ 

As examples we may take : 

(1) A solution of KCl in water at 1/600 molar, for which 
m= 1, jS(= 80 and %= 1-2 x 10^®. The value of (74) is found to 
be 1600 dynes per cm.®. We see that even at this low concentra- 
tion the electrostatic forces between the ions are sufficient to 
make an appreciable reduction in the osmotic pressure, so that 
the electrolyte would appear to contain about 3 per cent, of 
undissociated rnolecules; the order of magnitude agrees with 
Table V. 

(2) The effect is far more marked if we pass on to MgS 04 
in aqueous solution. At the same concentration the value of 
(74) will be m® times greater, that is, eight times greater. Even 
at l/500th molar the solution will, according to (74), appear to 
contain more than 20 per cent, of neutral molecules, even if 
dissociation is in reality complete. This is again in agreement 
with the values given for MgSOi in Table V. 


\l 

I dynes/cm.® (74). 
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(3) Let us return now to KCl, but dissolved in a solvent of 
low dielectric constant. In cyclobexanol, for which K= 15, the 
effect will be more than twelve times as great as in water at 
the same concentration. It is not surprising then that the 
presence of large quantities of neutral molecules in dilute non- 
aqueous solutions of electrolytes has been, and still is, taken as 
an established fact. 

(4) For doubly charged ions in a solvent of low dielectric 
constant the factors just considered in (2) and (3) would both 
be present, and would give rise to an effect anything up to 
100 times as great as for KCl at the 
same concentration in water. Wemust 
expect their behaviour to be quite 
different except perhaps at concentra- 
tions too low for experimental work. 

In the above paragraph we have 
been evaluating the ratio of (Pq—P) 
to P, at a specimen concentration. 

To exhibit a general comparison it is 
convenient to plot theoretical and 
experimental values of this ratio ha 
a diagram. From (74) we see that 
the theoretical value of (Pq—P) is 
proportional to n^, while from (22) is 
proportional to n. In very dilute solu- 
tions, therefore, the ratio (Pq—P)[Pq 
given by the theory is proportional to Vn, and if plotted against 
Vn will give a straight line passing through the origin. For a sub- 
stance like MgSO^ the slope, as we have seen, wiU be eight times 
as steep as for a substance like KCl. These calculated straight 
lines are shown in figs. 33 and 35. The plotted ratio (Pq— P)/P o 
is a measure of how far the osmotic coefficient g differs from unity ; 
it is, in fact, equal to (l — g). Presumably no electrolyte which 
is partially dissociated into ions wiU exert a smaller osmotic 
pressure than it would if it were not dissociated at aU. If this is 
so, the value of g for any electrol 3 die which furnishes a pair of ions 



Fig. 33 
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cannot fall below that is to say, the value of (1-gf) will not 
rise above 0-5. In the same way, for electrolytes lihe BaCla and 
La(N 03)3 which furnish 3 and 4 ions, the value of (l-gf) wiU 
not rise' above 0-33 and 0-25 respectively. Horizontal lines at 
the appropriate values of (1 -g) have been drawn in figs. 33-35. 
We must expect that the experimental curve, starting at the 
origin with the slope calculated fi:’om (74), will bend over so as 
to keep below this fine. In fact, we already know from (64) 
that the relation between (l-g^) and Vn will not be linear, 




since at quite low concentrations the factor {\-\-ajl) begins to 
differ appreciably from unity, and to make the value of the 
quasi-lattice energy fall below that given by (65). 

It is not worth while to insert a conjectural value for a in 
(69), and to compare the experimental results with the values 
calculated from this expression, since (69) is apphcable only to 
very dilute solutions. 

We have seen that, for a substance dissolved in oyclohexanol, 
the initial slope of the curve should be 12-4 times the slope 
for the corresponding aqueous solution. The experimental results 
shown in fig. 35 for solutions of hthium chloride in oyclohexanol * 

* Schreiner and Frivold, ZeU.f. Phys. Chem. 124, 1 (1926). 
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lie about the theoretical line whose slope is 12*4 times the slope 
for the corresponding aqueous solution. 

The above description of electrolytes would hardly be accept- 
able, unless one could account in a similar way for the pecu- 
liarities of their electrical conductivity, which were formerly 
thought to indicate the presence of a large proportion of neutral 
molecules. Debye and his collaborators showed that these 
effects are to be expected even if dilute solutions are completely 
dissociated into ions, and that a treatment based on expressions 
(58) and (63) leads to results in agreement with experiment for 
extremely dilute solutions. 



CHAPTER XII 


§1. AN ASSEMBLY OF DIPOLES 

In the preceding chapters we have made continual use of the 
fact that the high dielectric constant of the familiar solvents 
depends upon the tendency of the molecular dipoles to be 
oriented by any electric field. But so far we have not found it 
necessary to examine this process in any detail. The time has 
now come to look more closely into the behaviour of polar 
dielectrics. In Chapter i it was pointed out that in fields of 
ordinary intensity at room temperature the amount of align- 
ment is very small, owing to the thermal agitation. At higher 
temperatures the amount of orientation becomes progressively 
smaller, and the value of the dielectric constant decreases. For 
example, the dielectric constant of water has the value 88 near 
the freezing point, 80 at room temperature, and 55 near the 
normal boiling point. The value of the solvation energy of any 
ion in water will clearly vary with temperature. 

Before considering any ion it will be better to discuss a 
dielectric in a uniform external field. When placed in an electro- 
static field, particles possessing a permanent electric moment 
obey the same laws as particles possessing a permanent mag- 
netic moment placed in a magnetic field. The treatment ac- 
cording to quantum theory is much simpler than the corre- 
sponding classical treatment. In classical theory a dipole or 
magnet placed in an external field could point in any direction, 
and so its energy could take up any value. In the simplest 
quantum theory case the energy in a field of intensity H can 
take only two values, namely, —MH and +MH, where M is 
the permanent moment of the particle. If we plot the energy 
against the intensity of the field, we have the two possible states 
for the particle represented by two lines, like OP and OQ of 
fig. 36. 
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Consider now an assenably of similar particles, such as a gas, 
situated in an external field. If, starting with a certain value 
of H, we increase the intensity of the field, the energy of one 
state rises along OP by exactly the same amount as the energy 
of the other state falls along OQ. If, then, 
the population of the two states were the 
same, the total change of energy in the o 
assembly would be nil. But the popula- 
tion of the two states is not the same ; at 
any temperature T it is given for each 
state by the Boltzmann law. There are fewer particles in the 
upper state than in the lower. The difference in energy between 
the two states — ^the vertical distance between the lines OP and 
OQ — ^is equal to iMH ; and the ratio of the number in the upper 
state to the number in the lower will be The stronger 

the field, the more will this ratio differ from unity. 

At any temperature T a body possesses a certain amount of 
internal energy, which in the absence of a field may be called Uq . 
When exposed to an external field H the total internal energy 
wUl be U=Uq + U^, where is that part of the internal field 
due to the field at that temperature. Suppose now that the 
body is isolated, so that no energy can flow in from outside. 
And suppose that, owing to some alteration which we now make 
in the field, the value of Ug appropriate to that temperature is 
increased. This increase in will come about by borrowing 
energy from the thermal energy of the body. This means that 
the temperature of the body will fall. (At this lower tempera- 
ture the value of may be different from that at the initial 
temperature, in which case the body will take up a temperature 
reached by mutual adjustment.) 

Returning to fig. 36, suppose that in a body situated in a 
uniform field H we have a certain distribution between the two 
possible states. Suppose that we reduce the intensity from 
H to (H — BH). The difference in energy between the two states 
is diminished; hence the relative population of the two states 
required by the Boltzmarm law is altered. In fact, there must 
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be a greater proportion of the molecules in the upper state than 
before. A certain number of molecules must be raised from the 
lower to tbe upper state. The energy required to raise them is 
borrowed from the thermal energy, and the temperature begins 
to faU. 

Similar conclusions result from a purely classical argument, 
which may be summarised here. The tendency for the dipoles 
to be aligned by the external field is opposed by their thermal 
agitation. And we must now regard this orientation as being 
a result of the Boltzmann law. For a dipole lying in a direction 
having a component along the field has a lower energy than one 
pointing in a direction having a component against the field. 
In an assembly the number of the former must by the Boltzmann 
factor be greater than the number of the latter; that is to say, 
the field has that tendency to align the dipoles with which we 
are so famiUar. If now, the intensity of the field is reduced, 
the amount of alignment along the field is diminished. To turn 
a dipole round in the field requires a certain amount of work. 
The requisite energy is borrowed from the thermal energy and 
the temperature falls. From both arguments it follows that if 
the intensity of the external field is to be reduced isothermally, 
that is, if the temperature of the dielectric is to remain constant, 
heat must flow into it from outside. Conversely, if the intensity 
is to be increased isothermally, heat must flow out. 

To throw further light on the question, we may, in passing, 
consider briefly the specific heat of a dielectric in an external 
field. The lines OP and OQ of fig. 36 are independent of tempera- 
ture. If we raise the temperature of a dielectric which is situated 
in a constant field H, the population of the states must change ; 
in accordance with the Boltzmann factor some molecules must 
be raised from the lower state to the higher. This requires 
energy, and the specific heat is, therefore, greater than in the 
absence of a field; since this is true at any temperature the 

rT 

mtegrated specific heat O^dT is greater than in the absence 
-1 0 

of a field. \ 
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Consider what happens if a slab of dielectric is situated in an 
external field, and this field is suddenly switched off. The energy 
in the body remains the same, but the thermal capacity is 

altered. Since J O^dT is smaller in the absence of the field one 

might, at first sight, conclude that the temperature of the body 
will rise. This conclusion is wrong, for we have already seen 
that the temperature will fall. When H is reduced to zero some 
molecules are taken down along the line PO in fig. 36, but a 
greater number are taken up along the line QO. This requires 
energy, and so the temperature of the substance falls. Although 
the additional specific heat dU^jdT is a positive quantity, 
itself is a negative quantity. (By using a paramagnetic 
substance in a magnetic field, the behaviour has been utilised 
for reaching the lowest temperatures near the absolute zero. 
The substance is cooled as far as possible in an external magnetic 
field. The field is then switched off, and the temperature falls 
spontaneously to a temperature hitherto unattainable.) 

For any assembly of dipoles in an electric field, to be able to 
calculate the magnitude of the thermal effects, we need to know 
the amoimt of afignment at any temperature — ^which is another 
way of saying we need to know the value of the dielectric 
constant at any temperature. In this chapter we have been 
tacitly assuming that the dipoles do not interact appreciably 
with one another — a condition which is realised in the case of 
any gas at ordinary pressures, since each molecule is so far from 
its neighbours that they interact only during each brief collision. 
For a gas we find, in agreement with observation, that the dipole 
part of the dielectric constant is inversely proportional to the 
absolute temperature. I n a li quid or solid, ot. the other hand, 
the molecular d i poles are in contact a ll the time. Although 
the theory of their mutual interaction has not yet been worked 
out in detail, it is clear that the behaviour will at least be in 
the same direction as for a gas. The higher the temperature the 
more the thermal agitation spoils the alignment. The thermal 
effects on altering the intensity of the external field follow the 
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same course as for a gas. In the absence of a q[nantitative theory 
of the alignm ent -we can make use of experimentally determined 
values of the dielectric constant of the liquid. For this purpose 
we shall express the thermal effects directly in terms of the 
dielectric constant. 


§2. IMAGE FORCES 

Instead of using a uniform electric field as hitherto, we shall 
begin to consider a dielectric subjected to the field of a single 
point charge. This will serve as an introduction to the problem 
where we have charges of both signs present. We have already 
seen in Chapter i that for a charge g- at a distance x from a 
plane dielectric the image attraction has the value 


(75). 

We see that the larger the value of K, the greater wiU be the 
value of this expression. Consequently the lower the temperature 
the larger will be the force. For a solvent at room temperature 
the value of K is large compared with unity, and the change 
in the image force is small; but we shall see later that this small 
change has important results. 

If we plot the value of the image force against the distance x 
from the surface for a number of temperatures, we shall obtain 
a fanfily of curves like AB and OD of fig. 37, p. 144. Each of 
these curves is an isothermal, and from the existence of such 
a set of isothermals important conclusions can immediately be 
drawn. The internal energy possessed by unit mass of the dielec- 
tric at temperature T depends on how far away from it the 
electric charge is. When the distance x is altered isothermally, 
heat flows out of, or into the dielectric. If this flow of heat is 
prevented, and an adiabatic change is made, the constant 
temperature cannot be maintained) and the temperature either 
rises or falls ; i.e. there exists a family of adiabatic curves cutting 
the isothermals of fig. 37. Consequently from a charge and a 
piece of a dielectric we can construct a “heat engine”. We 
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shall move the charge away from the dielectric at a temperature 
doing a certain amount of work. Later, after an adiabatic 
step, we shall allow the charge to move towards the dielectric 
at a lower temperature T^, when K is larger and the image 
attraction is greater. More work will be done by the engine 
than had been expended in the previous isothermal step, giving 
a balance of useful work. 

Having in mind an ion above the surface of a solvent, let us 
suppose that a charged body is suspended by means of a spring 
above the surface of a dielectric, which is in contact with a 
heat reservoir at temperature T-^. Suppose that the tension of 
this spring is under our control and that we now make the 
tension greater by an infinitesimal amount, the charge will 
begin to move away from the dielectric. As it moves, a certain 
amount of heat flows into the dielectric to maintain the tempera- 
ture. We now sever the connection with the reservoir, and make 
a further increase in the distance x adiabatically, fig. 37 ; the 
temperature caimot be maintained, and we let it faU to the 
value T^. Placing the dielectric in contact with the reservoir 
at temperature T^, we decrease the tension of the spring and 
allow the charge to move back towards the dielectric. If we see 
that the attraction never exceeds the tension of the spring by 
more than an infinitesimal amount, we can prevent the charge 
from acquiring any kinetic energy. During this step heat flows 
out of the dielectric, and we stop the process when we reach 
the particular adiabatic which passes through the initial state, 
fig. 37. If we now isolate the dielectric, and allow the charge 
to move nearer to the dielectric, the temperature rises and 
brings the system back to its original state. 

Since a balance of useful work has been obtained, we know 
from the second law of thermodynamics that in this cycle a 
certain amount of heat must have been taken in at the higher 
temperature and given out at the lower temperature. Heat must 
have been taken in when we moved the charge away from the 
solvent — that is, when the dielectric was subject to a decreasing 
electrostatic field. We see then the connection between this 
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treatment and that given in § 1. For our conclusion agrees with 
the result obtained there from a study of the orientation of the 
dipoles. We found that when a dielectric at any temperature 
is subject to a decreasing field the amount of alignment appro- 
priate to that temperature becomes smaller. To turn any dipole 
round against the field requires a certain 
amount of energy, which is borrowed 
from the thermal energy; heat must 
therefore be taken in from outside if ^ 
the temperature is to be maintained, j 
Conversely, heat is given out when the 
dielectric is subject to an increasing 
field. In a diagram like fig. 37, the 
direction in which heat flows is de- 
termined by whether the isothermal for the higher temperature 
lies above or below the isothermal for the lower temperature. 
We see from fig. 37 that it lies below the isothermals for every 
lower temperature. 

In the foregoing we have spoken of the charge as being out- 
side the dielectric — ^that is, we have been working on the portion 
CE of the curve in fig. 2. We may, however, work on the portion 
of the curve; the effects will be similar since the two por- 
tions of the curve slope in the same direction. And there is no 
reason why, during the cycle, the ion should not be taken across 
the boundary of the solvent into a vacuum and back again. 

§3. TWO CHARGES IN A DIELECTRIC 

The thermal effects which we have discussed apply to any ion 
introduced into, or withdrawn from, a solvent. For a negative 
ion the effect is the same as for a positive ion. Since the changes 
in the intensity of the applied field are entirely due to the 
presence of the boundary of the dielectric, no appreciable effect 
will be produced by any movement of a single ion far in the 
interior of the solvent. A relative motion of two ions, however, 
is sufficient to give an effect. The case of two unlike charges 
is more interesting than that of like charges. Let us consider 
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then the electrostatic field due to a pair of equal and opposite 
charges at a very small distance x apart. The electrostatic field 
of such a pair is similar to the magnetic field of a pair of mag- 
netic poles. In the fa mili ar expression for the field due to a 
small bar magnet we know that at any distant point the inten- 
sity is proportional to the moment of the magnet, i.e. is pro- 
portional to the distance between the poles. So here, if we 
move the charges farther apart, the intensity of the field in- 
creases in proportion to x. If the pair of charges are embedded 
in a polar dielectric at a certain temperature, at any point in 
the field the dipoles will be orientated to some extent along the 
direction which the field has at that point. The amount of 
ahgnment, determined by the Boltzmann law, will be propor- 
tional to the distance x between the charges. This conclusion 
apphes only to distances large compared with x. In the very 
small region between the two charges the field actually becomes 
weaker when we move the charges farther apart; but we can 
easily see that the increase in the intensity in the external 
regions predominates. In Chapter i we made use of the fact 
that aU electrostatic forces can be dealt with by supposing that 
the whole energy is stored up in the medium, and that this is 
true whether the medium is a vacuum or a material dielectric. 
To separate a pah of lufiike charges we have to do work; when 
the charges are far apart, the energy in the medium is greater 
than when they are close together. This greater density of 
energy is due to the greater intensity of field with increasing x, 
which we have discussed above. 

We are interested in the behaviour of the dipoles iu' this 
increasing field, when the charges are situated in a polar 
dielectric. Clearly, the considerations of § 1 come into force; 
among the dipoles the population of the states of low energy 
must be increased. Conversely, if we move the charges nearer 
together, the population of the states of high energy must be 
increased; some dipoles must be turned round against the field; 
if this is to be done isbthermally, the requisite energy must be 
supplied from outside. 
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As in the previous problem the, thermal effects at any tempera- 
ture may be expressed directly in terms of the force of attraction 
between the charges. We may move them apart at a certain 
temperature, and later we may allow them to move together 
again under their mutual attraction at a higher temperature, 
when the value of K wiU be smaller and the force wiU. be greater. 
A balance of useful work will have been obtained. If we plot 
the force y against the distance x between the ions, for two 
different temperatures, we shall again have a pair of curves 
like those of fig. 37. But whereas in fig. 37 the lower curve 
belonged to the higher temperature, here the isothermal for 
any temperature hes above the isothermal for any lower tempera- 
tme. This is a consequence of the fact that here the dielectric 
is subject to an increasing field when the ions are moved farther 
apart {x increasing), whereas in the problem of § 2 the dielectric 
was subject to an increasing field when the charge was brought 
nearer to the surface {x decreasing). We shall again suppose 
that we have the ions imder our control, and can move them 
about without allowing them to acquire an appreciable amount 
of kinetic energy. The internal energy of the system includes 
the mutual potential energy of the ions. Any change in the 
mutual potential energy of the ions will be equal to lydx, the 
work done in separating them. In any adiabatic movement of 
the ions this wiU also be the same as the change dU m the 
intemal energy of the system. 

Since the problem is somewhat complicated when the volume 
of the hquid v, as well as the separation x of the ions and the 
temperature T are taken as independent variables, we shall first 
write down' the usual expressions for a system whose volume 
is not variable. When an amount of work ydx is done, an amount 
of heat dQ flows in or out of the system. For any arbitrary 
reversible change of a; or T 


where S is the entropy of the system'. As mentioned above, 
dU is only equal to ydx in an adiabatic change. Our problem 
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is to find the value oi dU for an isothermal change; for if we 
ahow the ions to move together freely under their own attrac- 
tion, an amount of energy dU wifi be absorbed, or if is 
negative will be evolved as heat, and this would be susceptible 
to measurement by an experimentalist. 

If by definition A -=^U-T8, 

dA = dU-TdS-SdT 


= -SdT + ydx (76). 

!For a constant value of x, we have, putting dx equal to zero, 



<”>■ 

For an isothermal change of x, we see, putting dT in (76) equal 
to zero, that dA — ydx, Hence we obtain the result that we 
require: . „ . 

dU=^^-T§,jdx (78). 

We may pass on now to the system where the external pressure 
p, or the volume v, is taken as an independent variable. The 
heat that will be measured calorimetrically is now not the 
change in Ci but the change in H, defined by 
ff=z U +pv. 

Corresponding to the definitions and equations above, we have 


now the following set of expressions, 

dU +pdv — ydx = TdS = dQ (79), 

A^H-TB 
= TJ -\-pv~-TS, 

dA = —BdT + ydx + vdp (80). 

Hence for constant x and constant p 


IO"2 
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Setting both dp and dT equal to zero in (80), we see that dA 
is again equal to ydx. We obtaiu now the result that we need; 
for if we allow the ions to move together freely under their 
own attraction (in which case dx will be a negative quantity), 
the heat measured calorhnetrically will be 

dH~dU+pdv—^ — T^^dx (82). 

If our solvent was a gas, iustead of a liquid, we should not be 
using this thermodynamic treatment; for the heat effects in a 
polar gas can be calculated directly from the properties of the 
individual molecules. As soon as we have a satisfactory under- 
standing of the dielectric constants of polar liquids, we shall be 
able to calculate the heat effects from the molecular mechanism. 
In the meantime we understand the processes quahtatively, and 
to obtaiu quantitative results we have recourse to thermo- 
dynamics. In § 4 of the next chapter we shall make use of these 
expressions in studying the recombination of ions to form 
molecules. 



CHAPTER Xni 


§1. DISSOCIATION OF MOLECULES 

In Chapter xi we discussed those solutes for which it is possible 
to use concentrations where the dissociation into ions is prac- 
tically complete. This will occur when the mutual potential 
energy of the ions has a shallow minimum like that of curve a 
of fig. 31. But where additional forces are present due to 
electronic interaction between the ions, neutral molecules may 
persist even to the lowest concentrations that can be studied. 
In investigating the dissociation of molecules in solution we 
shall naturally wish to relate it to our knowledge of molecules 
in gases and vapours. But in this comparison there is a shght 
difficulty; for in nearly every case the molecules of a gas or 
vapour dissociate, not into ions, but into neutral atoms. When 
an ionic crystal, such as NaCl, is raised to a high temperature, 
it melts and finally boils; the vapour consists of diatomic 
molecules of NaCl. If the temperature is raised still further, 
these molecules begin to dissociate, not into ions, but into 
neutral atoms of Na and Cl. 

It must be understood that this is purely a q[uestion of energy. 
We know that to transfer an electron from a Na atom to a 
distant Cl atom in vacuo req[uires work, in fact 1-3 g-volts. The 
energy of the pair Na-i-Cl is lower than the energy of the pair 
Na+-fCl“; consequently in the vapour the majority of atoms 
remain neutral until a higher temperature is reached. It is true 
that the NaCl molecnle in its state of lowest energy consists 
of a positive and a negative ion with their electronic shells in 
contact. But if we consider the molecule when the nuclei are 
farther and farther apart, we find that the state of lowest 
energy is one in which the distribution of electronic charge is 
more and more uniform, until finally we have obtained two 
separate neutral atoms. 

Among the alkah halides there is one for which the situation 
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is reversed, namely caesium fluoride. Of all the elements 
caesium has the smallest ionisation potential, 3-87 e- volts, while 
the energy of attachment of an electron to the fluorine atom is 
4-1 e- volts. When caesium fluoride is evaporated, the vapour 
will consist of neutral molecules, which at a stiU higher tempera- 
ture win begin to dissociate mainly into ions. Though this 
behaviour is exceptional among molecules in gases, any molecule 
like NaCl, when introduced into a solvent, will dissociate into ions. 

When such a molecule in solution is separated into a positive 
and a negative ion, the positive ion becomes solvated, receiving 
its characteristic solvation energy, and so does the negative 
ion. We have seen that even for a singly charged ion this solva- 
tion energy is quite large. If for any species of molecule in a 
certain solvent the sum of the two solvation energies (W + W_) 
were greater than the dissociation energy of the molecule, the 
state of dissociation into solvated ions would be one of lower 
potential energy than that of the neutral molecule; and the 
complete dissociation into ions at room temperature would 
follow. We are, therefore, led to enquire whether there is any 
flaw in this idea. The solvation energy of the positive ion 
depends upon its interaction with the adjacent solvent mole- 
cules, while that of the distant negative ion depends upon the 
interaction with its adjacent solvent molecules. And, since these 
two energies are independent, there seems at first no reason 
why their sum ( W -t- Tf_) should not in some cases exceed, and 
in other cases be less than, the dissociation potential of the 
molecule, thus leading to the classes of electrolytes which are 
completely dissociated and to those which are feebly dissociated 
into ions in dilute solution. 

By considering the solvent once more as a continuous medium 
with dielectric constant K, we can easily show that this cannot 
be so. In vacuo a singly charged positive ion and a negative 
ion attract one another with the Coulomb force and in 
a medium of dielectric constant K they attract each other with 
the force e^JKd?. That is to say, when the ions are far apart, 
they do stiU attract one another, however feebly, and work 
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must still be done to separate them. This is a fundamental 
condition, and the values of the solvation energies of the positive 
and negative ions, although they are independent, must in every 
case he such that their sum (]T+ W_) is not large enough to 
upset the condition. For every pair of unlike ions in every 
solvent we are right, then, in drawing a potential energy curve 
with a minimum, hke curve a, of fig. 31. When a solute is 
completely dissociated into ions, this can in no case be because 
the curve does not possess a minimum. A similar argument 
must apply to the sum of the solvation energies of the ions into 
which any polyatomic substance like CaClg breaks up. 

§2. EXCHANGE FORCES 

As mentioned in Chapter n, between two atoms or ions exchange 
forces of attraction arise when their configurations are such that 
one or more electrons circulate romid both nuclei when these 
are sufficiently close together. If such a diatomic molecule is 
placed in a liquid, the exchange forces do not undergo the 
drastic change that is imposed on all electrostatic forces; the 
motion of the electrons is almost undisturbed. Until we have 
evidence to the contrary, we may take the exchange forces to 
be the same as in a vacuum. The important feature of these 
exchange forces is that they are operative only at extremely 
close range. For example, between two oxygen atoms the forces 
are inappreciable when the distance between the nuclei is greater 
than 3 A. For larger atoms the limit 
may be 4 A. or 5 A., but the potential 
valley due to such forces is always 
quite narrow. 

We can see then what will be the 
shape of the potential energy for a 
pair of ions possessing some exchange 
forces of attraction in addition to the 
usual electrostatic forces. At a certain separation the curve will 
break away from the Coulomb curve downwards, as shown in 
fig. 38, giving a deeper and narrower bottom to the potential 
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valley. When, as a result, the dissociation energy of the molecule 
is large, the degree of dissociation will be small, even in dilute 
solution. The electrical conductivity of a 1/50-molar solution 
of HgOla in water is more than 30 times smaller than that of a 
substance Mke MgClg . This is not because the Hg++ ion has an 
abnormally low mobUity; but when a Cl~ ion is brought near 
to a Hg++ ion, the supernumerary electron in the Cl~ begins to 
circulate round both nuclei, giving rise to a curve hke fig. 38; 
the same must be true for a second Cl~ ion. In the crystal 
HgCSg does not form a simple ionic lattice, and in solution it is 
only feebly dissociated into ions. 

§3. ASSOCIATED IONS 

For a pair of ions in solution any point on the curves of fig. 31 
represents strictly a time average of the potential energy, there 
being local fluctuations due to the thermal agitation of the 
solvent molecules. We must recognise too that, although such 
curves have the same form as in a vacuum, there is an obvious 
difference in their meaning. If we draw a horizontal Ifiae AB, 
to represent the total energy, fig. 39, 
the separation of the nuclei of the 
two ions varies rapidly between the 
values 00 and OH. Take, however, 
a higher value of the total energy, 
represented by the fine EF. In the 
case of ions in a vacuum this would q 
mean that the separation of the ions 
was oscillatmg with high freq[uency 
between the extreme values OM and ON. In solution, on the 
other hand, a wide amplitude of this kind is prevented by the 
presence of the solvent molecules. If at any moment the ions 
are anything like as far apart as OM, there will be one or more 
solvent molecules between them, and the value of the separation 
wiU at this moment be showing only small fluctuations about 
the value OM. In this situation a pair of oppositely charged 
ions is known as a temporarily associated ion pair. 
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When the potential energy curve has a form like fig. 38, there 
is a clear distinction between a molecule where the ions are in 
contact and an associated ion pair where they are not. But in 
the absence of exchange forces there is no essential division 
between ions which are momentarily in contact and those which 
are not. In Chapter xi we were dealing with solutions so dilute 
that the number of associated ion pairs was negligible. In any 
less dilute solution the number of associated ions will depend 
on the form of the potential energy of the species of ions present. 
The behaviour of a solute possessing a curve like fig. 38 will also 
depend on the particular form of this curve. But even here the 
purely electrostatic part of the curve is common to all species 
of ions ; and if we study how this part contributes to the be- 
haviour of the ion, our results will be of general application. 
In the following sections we shall enquire how the ideas de- 
veloped in the previous chapter throw light on the dissociation 
of such a molecule. 

§4. HEAT OF DISSOCIATION AND RECOMBINATION 

Let us first take two gaseous ions, such as Cs+ and F", and study 
their recombination to form a neutral molecule. Starting with 
the ions at rest, let us release them ; they move together acquiring 
a large amount of kinetic energy at the expense of their mutual 
electrostatic potential energy, the total energy remaining con- 
stant. If when they arp near together they collide with a third 
particle the latter may take away some of this kinetic energy, 
with the result that Cs+ and F~ are unable to separate. At 
another collision more kinetic energy may be lost, until the 
CsF molecule settles down in its lowest vibrational level. An 
amount of energy equal to the dissociation energy has been 
dissipated. Passing on now to ions in solution, let us watch a 
pair of ions which are moving towards one another. There is no 
essential difference from the same process in a gas. As the ions 
move together their mutual electrostatic potential energy is 
turned into kinetic energy, which is communicated to the solvent ; 
an amount of energy equal to D is dissipated. Conversely, 
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when a pair of ions are moving apart, they are acquiring poten- 
tial energy, which is being derived from the thermal energy of 
the solvent. 

To a physicist, who is accustomed to the idea of the dissocia- 
tion energy, it comes as a surprise to find in books on electro- 
lytes a list of heats of dissociation hke Table VI, where in most 
cases the value given is for a heat evolved instead of for a heat 
absorbed. All in the hst are substances which are feebly dis- 
sociated in aqueous solution ; they presumably have an unusually 
large value of D, and are, one would have thought, the very 
molecules which would need heat to be supplied to dissociate 
them. 

Table VI 


Heat Accompanying Dissociation op Molecules 
INTO Ions in Aqueous Solution* 


Acetic acid 
Dichloracetic acid 
Phosphoric acid 
Hydrofluoric acid 


Calories per gram mol 
300 absorbed 
1130 evolved 
1130 „ 

2570 


In the precedingchapterweeonsideredtheeffects accompanying 
the relative motion of two charges immersed in a polar medium. 
We deduced an expression for the heat which would be evolved 
if the two charges, initially at rest, were allowed to move 
together under their mutual attraction. We may now begin to 
apply this result to the recombination of a pair of singly charged 
ions to form a molecule. As mentioned above this subject falls 
naturally into two parts, the effects which are peculiar to the 
particular species of ions, and those which are common to all 
species. When the distance x between the ions is not too small, 
the force between them is equal or nearly equal to e^jKx^, the 
purely electrostatic force which is the same for aU singly 
charged ions. When the ions are nearer together, the force y 
between them differs from this value in a way characteristic 
of the particular species of ions. For the total force we may then 

y = e^lKx^ + y' (83), 

* Treatise on Physical Chemistry, edited by H. S. Taylor, p. 219. 
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where y' may be either a positive or negative quantity, which 
is only large for small values of x. We shall begin by paying 
attention to that range of x where the forces are nearly Coulomb 
forces. If we substitute (83) in (82), we obtain 



in which we shall study the behaviour of the first bracket. 
In any case, if the main contribution to y' comes from ex- 
change forceSi which are independent of temperature, dy'jdT 
will be small, and in studying the electrostatic term we shall 
be dealing with the most interesting part. Starting with two 
charges at an infinite distance apart, if we allow them to move 
together under them own attraction until the separation has 
fallen to some final value Xq, the amount of heat evolved or 
absorbed is obtained by integrating (84) between these lunits. 
For simple electrostatic forces this would give 



In this movement the ions will have lost an amount of mutual 


potential energy e^fEx ^ , which has been converted into kinetic 
energy and dissipated as heat. The total heat evolved will 
differ from this by the value of the second term in (85); the 
heat evolved will, in fact, be smaller, since for any dielectric 

medium ^ is a positive quantity. At room temperature 


the value of T is about 300; if then the value of 1/K for the 
medium increases by anything approaching one part in 300 per 
degree centigrade, the value of the second term will be com- 
parable with the first. And the net amount of heat evolved 
will be quite different from the amount of potential energy 
converted into kinetic energy. And further, if for any medium 
the increase in 1/K is still more rapid, the second term wiU 
be larger than the first, and the evolution of heat will be 
replaced by a net absorption of heat. This is, as we shall see, 
what happens in oim polar solvents. Everything will go in the 
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opposite direction from the familiar processes in a gas. Though 
we are accustomed to think that heat is evolved when ions 
combine to form a molecule, here we see the possibility that heat 
must be supplied — ^not because the ions are repelling one another, 
for they are attracting — ^but, as we have seen, in order to carry 
out the disorientation of the solvent dipoles. 

Near room temperature the dielectric constants of substances 
can be represented by ^ 

^= 1 +^ ( 86 ). 


As T increases the value of K decreases. For any polar gas 
theory shows that we should expect n=l, and this is the 
behavioTU’ found experimentally. The structure of polar liquids 
is not yet sufficiently understood to enable us to predict how 
their dielectric constant will change. It is found that K varies 
more rapidly with temperature than in gases. For water K is 
equal to 88 at the freezing point, 80 at room temperature, and 
55 at normal boiling point. This can be represented by 


Z = l + 


392,000 

yi 


(87). 


For values of T near room temperature a in (86) must clearly 
be a number large compared with for every substance with 
a large dielectric constant. For ethyl alcohol near room tempera- 
ture the value of n is 1’9. 

Differentiating IjK with respect to the temperature 

d 1 I dK _ n a 
dTK KdT KT{a + T^) ^ 

Since near room temperature T” is small compared with a, 
(88) reduces to njKT. And hence (85) takes the form 


^ = 

We see that the value of n in expression (89) is the determining 
factor. Whether a separation of ions of opposite sign is attended 
by a net evolution or absorption of heat depends on whether n 
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is greater or less than unity. If for any medium n<l dissipation 
of potential energy and evolution of heat wiU run parallel in 
the usual way. For aU polar solvents, however, n>l, and the 
effects will be in the other direction. In water, since to =1-5, 
the dissipation of a certain amount of potential energy will be 
accompanied by a net absorption of heat which is just half as 
large. As this expression has been obtained by treating the 
solvent as a continuous medium of dielectric K, it wiU give 
only quahtative results when applied to a pair of ions meeting. 
It appears, however, that when two charges in water move 
together under their own attraction, the evolution . of heat is 
more than swamped by the absorption of heat required for the 
disorientation of the dipoles. 

Having considered purely electrostatic forces common to aU 
ions, we can pass on now to the formation of molecules where 
exchange forces contribute to the attraction. The presence of 
even weak exchange forces of attraction in (83) wiU suffice to 
change the sign of the heat of dissociation iuto ions. Heat will 
no longer be absorbed when the ions come together, but at least 
some heat wiU be evolved. For a certain smaU amount of 
exchange forces accompanying the usual electrostatic forces, 
heat wiU neither be evolved or absorbed, the energy of the ionic 
attraction being just sufficient for disorientation of the dipoles 
and no more. The acetic acid molecule in aqueous solution seems 
to approximate to this behaviour. For a molecule with stronger 
exchange forces more heat wiU be hberated when the ions 
combine, but we must stiU expect that the quantity of heat will 
be less than the dissociation energy by a definite amount. 

§5. DISSOCIATION OF SOLVENT MOLECULES 

For the sake of simplicity, and in order to study one thing at 
a time, we have hitherto been treating the solvent as far as 
possible as a polar medium, disregarding aU properties except 
its dielectric constant. We have, however, sooner or later to 
take into account the fact that in each solvent the molecules 
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are formed &om certain particular elements in the periodic 
table. And this is perhaps the most convenient point to examine 
one direction in which these polar molecules may show charac- 
teristic behaviour. 

The structure of the water molecule is shown in fig. 40. The 
angle between the lines joining the protons to the oxygen 
nucleus is about 105°. If x is the distance of one of the protons 
from the oxygen nucleus, and we plot the potential energy of 
the molecule against x, we shall have a curve of 
the usual form ; the equihbrium distance is about 
1-0 A. The large dipole moment of the molecule 
is due to the fact that the electronic density 
roxmd the oxygen core is larger than is required 
to neutralise the positive charge of the core, while 
round the protons it is insuflGicient to neutralise 
their charge. The same is true of the protons in the NHg mole- 
cule, while in the CHgOH molecule and in each of the other 
alcohols the non-uniformity of charge is in the OH group, the 
negative charge being again round the oxygen. 

Consider now any particular molecule in the interior of one 
of these hquids. If the positive and negative parts of the 
dipole become separated, two solvated ions will be formed. The 
question is how great is the work D which must be done to 
dissociate the molecule in this way. For if in any liquid D is 
not too large, there wiU be at room temperatme, in accordance 
with Boltzmann’s law, an 'appreciable number of solvent mole- 
cules dissociated into ions. For none of the familiar solvents 
can the value of D be small — as we shall see, certainly not as 
small as half an electron-volt — otherwise the pure liquid would 
be a good conductor. On the other hand, when D is large, the 
number of ions at room temperature will be below the limit 
of detection. In practice the difficulty of tracing a minute 
amoimt of self-ionisation in any liquid arises from the difficulty 
of obtaining it sufficiently free from impurities. 

Water is the solvent to which most attention has been given. 
After 42 successive distillations Kohlrausch and Heydweiller 
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obtained a specimen of water with the lowest conductivity on 
record, namely 4-3xl0~® reciprocal ohms per cm.® at 18° C. 
The conductivity appeared to be approaching a fairly definite 
limit, ascribed to the dissociation of water into hydrogen and 
hydroxyl ions, and having a value estimated at 3-77 x 10“® 
reciprocal ohms per cm.® The actual number of ions which this 
small conductivity represents can at once be calculated by 
direct comparison with aq^ueous solutions of substances fur- 
nishing hydrogen and hydroxyl ions. The number of ion pairs 
in pure water at room temperature is found to be in the neigh- 
boTirhood of 5 x 10^® per cm.® Since the number of water 
molecules in one cm.® is 3-6 x 10®®, the fraction a of these mole- 
cules dissociated into ions is 1'4 x 10~®. Since each species of 
molecule has its own characteristic value of D, there is no reason 
why other solvents should show anything like the same amount 
of self-dissociation. 

In interpreting this value of a there are two important points 
to be taken into account. In general, the dissociation of a sub- 
stance depends, according to (8), upon the volume v in which 
it is contained. If a small quantity of one liquid, say water, 
is introduced into a large volume of another solvent, the water 
molecules will behave as particles of a solute, and their degree 
of dissociation into ions will depend on their concentration. 
On the other hand, in the self-dissociation of a solvent, which 
is under discussion here, the position is different, since the 
volume of the liquid is pre-determined. In the second place, 
whereas the dissociation of a substance usually means an in- 
crease in the number of particles, the dissociation of water is 
more correctly represented by 

2H20^(H30)++(0H)- (90), 

where the number of particles remains the same, a proton being 
simply transferred from one water molecule to another. Just as 
in the water molecule itself the two protons he within the 
general electron cloud, fig. 40, so will all three protons within 
the (H 30 )+ ion. And in the other common solvents which 
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contain hydrogen the mode of dissociation is presumably by a 
similar protonic transition 

2NH3^(NH4)+ + (NH2)- (91), 

2(CH30H) (CH30H2)++ (CH3O)- (92). 

The number of protons transferred is the number of molecules 
dissociated. In each case the volume v drops out of (8), and 
the constant A will scarcely differ from unity. For water at 
room temperature, from the observed value of a we estimate 
that the value of the dissociation energy i) lies in the neighbour- 
hood of 1-0 e-volt. This includes first, the work to transfer a 
proton from a molecule to its neighbour, and secondly, the 
electrostatic work to separate these ions against their attrac- 
tion; the potential energy curve will be like fig. 38. For water 
we have accurate information about the heat accompanying 
recombination of the ions; this will be dealt with in the next 
section. 


§6. BECOMBINATION OF IONS TO FORM 
SOLVENT MOLECULES 

Let us first consider solutes of various kinds dissolved in dif- 
ferent solvents. We can divide the solutions into two classes — 
those where the solute contains no atom of a species already 
present in the solvent molecule, and those where the solute does 
contain am atom or group of atoms present in the solvent 
molecule. Consider for example a solute containing nitrogen but 
not hydrogen or oxygen; it would belong to the second class 
when dissolved m liquid NHj, but to the first class when 
dissolved in water. Among the second class the most important 
are those where part of the solute molecule is identical with 
either the positive or the negative half of the solvent dipole — 
where the solute on dissociating furnishes one or other of the 
ions which is formed, or would be formed, when the solvent 
molecule itself dissociates. For example, ammonium bromide 
dissolved in liquid ammonia dissociates partially into NH4+ and 
Br“, while sodium amide in the same solvent dissociates par- 
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tially into Na+ and NHa'. If we were to mix these two solutions, 
two of the species of ions can disappear to form solvent mole- 
cules by (91). 

The importance of this disappearance of ions to form solvent 
molecules has long been recognised in aqueous solutions, and is 
known as the neutralisation of an acid by a base. In dilute 
aqueous solution a strong acid HX is completely dissociated 
into ions (H 30 )+ and X~, while a dilute solution of a strong base 
MOH is dissociated into M+ and (OH)-. If we mix two equi- 
valent solutions, two species of ions will combine to form solvent 
molecules : 

M+ -i- (OH)- -t- (H30)+ + X- M+ - 1 - X- H- 2 H 2 O (93). 

Of the four species of ions two remain xmchanged, and might 
have been omitted from (93), the reaction being merely (90). 
If any heat is evolved or absorbed, this will be just the heat of 
recombination of the solvated hydrogen and hydroxyl ions to 
form water molecules. We should find then that in very dilute 
aqueous solution the heats of neutralisation of various strong 
acids by strong bases have one and the same value. In less 

Table VII 

Beat op Nexttbalisation op NaOH nsr Aqueous Solution with 
Various Acids at 20° C. in Caooeies Evolved pbb mol* 


Dilution in 
mols HgO 

100 + 100 

200 + 200 

400 + 400 

Infinite 

HCl 

13,924 

13,854 

13,794 

13,640 calsf 

HBr 

13,856 

— 

— 

— 

HI 

13,797 

— 

— 

— 

HNO 3 

13,850 

13,804 

13,769 

13,640 calst 


dilute solution the values will differ slightly, depending upon 
the particular values of the configuration energies' of the solu- 
tions used. The experimental values given in Table VII show 
that in the formation of water molecules the recombination of 
ions is accompanied by a considerable evolution of heat. For 
both HCl and HNO 3 the hmit foimd by extrapolation to infinite 

* Richards and Hall, J. Amer. Chem. Soc. 51, 735 (1929). 
t Or 0-592 e-volt. 
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dilution is 0*592 e»volt per ion pair, or 13,640 calories per mol. 
Tiiis, as we expect, is considerably smaller than the estimate 
made above for the dissociation energy. When the hydrogen 
and hydroxyl ions combine to form neutral molecules, the 
surrounding liquid is subject to a decreasing electrostatic field, 
and a certain amount of energy must be taken up by the polar 
molecules to maintain the temperature constant. 



CHAPTER XIV 


§ 1. THE EVALTJATIOISr OF 7 

In the foregoing chapters we have found that the behaviour of 
ions in solution may be understood in terms of the charac- 
teristic energies W, Y, D, and so on. In working out the 
relations between these various quantities, we have had all along 
a rough idea of their orders of magnitude. In the opening chapter 
we made an estimate of the solvation energy of ions in various 
stages of ionisation. We found that for a singly charged positive 
or negative ion the value would be 3 or 4 e- volts, and for doubly 
charged ions between 12 and 30 e-volts. In the second place 
we saw that when 7 is equal to or less than W, a positive core 
can pass easily from a metallic surface into solution without the 
assistance of an electrical double layer. Purther, we have seen 
how the values of J and D iu any solvent depend on that of W. 

But this analysis has brought us only half-way towards our 
goal. For each species of ion has its own characteristic value 
of W and J, and each metal has its own characteristic value 
of 7 and (j). It is only when we evaluate for each ion the charac- 
teristic energies that we obtain a detailed picture of the indi- 
vidual behaviour of each species. Our aim in the remaining 
chapters of this volume will be, not only to fiU in their numerical 
values, but also to make use of these. It is only when one has 
made oneself thoroughly familiar with the values, at least of 
some of the commoner ions, that one begins to have a clear 
mental picture of the various ionic processes. 

Let us begin with the quantity 7, the work required to re- 
move a positive core from the surface of a metal into a vacuum. 
We can evaluate this in terms of known quantities by means 
of a cycle. Consider a positive core on the surface of the lattice 
of a monovalent metal, like silver; let the core be vibrating in 
its lowest level AB in fig. 41. We can remove this core from the 
metal either with or without an electron. When we remove a 
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neutral atom, "we do work equal to the sublimation energy 8. 
Let the curve ABE represent the potential energy in this pro- 
cess, the depth of the valley being 8. Having now a free atom, 
let us ionise it, doing work and then replace the electron in 
the metal, receiving energy For 
everymonovalent metal the value of 
is greater than (j> ; the net work done 
in this step is Ifwenow bring 

the positive core back to its original 
position on the lattice, it wiU partici- 
pate fully in the free electrons, and 
we shall have returned to our initial state ; the cycle wiU be 
complete. As we bring back the ion to the metal, it is attracted, 
and falls into its former level AB. During this process the 
potential energy of the system is to be represented by a curve 
like QFBA, the energy represented by the vertical distance GE 
being, equal to as explained above; the work required 

to remove a positive core into a vacuum is greater by this amount 
than the work to remove a neutral atom, for clearly the height 
of EG above AB is just the quantity 7. For every monovalent 



metal 


Y=J-<f> + 8 


(94). 


Take for example silver. The electronic work function has been 
measured with great care, and formd to be 4-74 e- volts; the 
sublimation energy is 2-9 e- volts, and the first ionisation poten- 
tial in vaciio 7-63 e-volts. We find then that the work to remove 
a singly charged positive core from the surface of silver is 
(7-53 — 4-74-1- 2-9) = 5-7 e-volts. In the same way we can find 
the value of 7 for any monovalent metal when the other three 
quantities are known. 

If we go on now to study metals of higher valency we shall 
have to use the symbol 7^^ to denote the quantity we have been 
calling 7. For in addition' to 7^ we shall be interested in the 
work 72 to obtain a doubly charged ion, and for a trebly 
charged ion. The values of these quantities can be obtained by 
means of a cycle sunilar to the last. Having taken a neutral 
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atom from tlie surface into a vacuum, we can remove either 
two or three electrons from it, doing work either qJ ^2 0=^3 • 
On putting the electrons hack into the metal, we receive energy 
2^ or 3^. Thus in general 

= ( 9 ^)' 

As an example let us evaluate Y 2 for cobalt. The electronic 
work function is 4-1 e- volts (see Table XIV) and the sublimation 
energy is 3-7 e-volts. We see from Table XI that the work to 
remove two electrons from the neutral cobalt atom amounts to 
25*8 e-volts. We find then 8*2-1- 3-7) = 21-3 e-volts. 

For few metals is the value of the work function ^ known to 
within 0* 1 e-volt, though measurements with modern techniq[ue 
are being extended to the remaitung metals. A few of the more 
reliable values have been given in Table XIV. To obtain a 
working knowledge of ionic mechanisms it is not necessary at 
the moment to have accurate values of 7^ for aU the metals, 
though these will doubtless become available in course of time. 

A similar attitude may be taken with regard to values of the 
solvation energies of ions. Although we may hope that accurate 
values of W for every ion in each of the common solvents will 
ultimately be obtained, it is more important at the moment to 
learn how to handle the solvation energies, even if the values 
are uncertain to more than 0-1 e-volt. Many factors influence 
the solvation energy of an ion but the approximate evaluation 
of a solvation energy from the relevant experimental data rests 
upon an extremely straightforward argument. Although in § 2, 
for the sake of completeness, we give a discussion of the various 
factors, it is important that these details should not be allowed 
to obscure the simple argument by which the value of any 
solvation energy in aqueous solution can be obtained correct 
to within a few per cent. 

§2. SOLVATION ENEEGY AND HEAT OF SOLVATION 

Equations (79) to (82) were true for both the problems which 
we began to study in Chapter xn. So far we have been developing 
their application to the relative motion of two ions. We may 
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now go back to the earlier problem where y was the force 
acting on a single ion crossing the boundary of a solvent at any 
given temperature. By definition the solvation energy of the 
ion at that temperature is given by jycbc, where the integral 
is taken from — oo to oo, or between any two points sufficiently 
far from the boundary on either side. In Chapter l it was pointed 
out that if an ion were held at rest near the surface of a solvent, 
and released, it would be accelerated into the liquid and would 
acquire kiuetic energy equal at any distance x to the vertical 
distance between the two Unes of fig. 2 — ^that is, equal to the 
potential energy ^ydx which has been lost. Through collisions 
with solvent molecules this kinetic energy would be dissipated 
as heat. But we know that the heat of solvation is not equal 
to this solvation energy. For in Chapter xn we again con- 
sidered the bringing of a charge towards the surface of a solvent 
— ^this time infinitely slowly; the whole of the potential energy 
was made to do work, and none was converted into kinetic 
energy. We found that, because the medium was subject to an 
increasing electric field, there would still be a small but definite 
amount of heat evolved. 

In the solvation of an ion these two heating efEects are 
additive; they are of the same sign, since, when y is an image 
force, dyjdT is negative. They are given respectively by the 
two terms in the following expressions, derived from (82) : 

jydx-ji (96). 

The relative magnitude of the two terms may be estimated by 
using (4) and (89), and taking a to be independent of tempera- 
ture: 

.(97). 

The heat differs from the solvation energy by the presence of 
the term nfle. For ethyl alcohol, as we have seen, n=l-9, and 
Z = 26 at room temperature. Hence, if (97) gives the correct 
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magnitude, the heat of solvation of a single ion in ethyl alcohol 
differs from its solvation energy by more than 7 per cent. For 
water at room temperature n — 1*5 and Z = 80, hence the two 
quantities will differ by less than 2 per cent. Nevertheless this 
difference is large enough to be responsible for the peculiarities 
of the heat of dissociation of molecules in aqueous solution. 

We have so far been using the term ^'heat of solvation” 
rather loosely. We have supposed that an ion initially at rest 
in a vacuum is plunged into a solvent at temperature T. Of 
the energy liberated the ion will retain a certain amount, 
as its own thermal energy appropriate to the temperature T, 
If by the heat of solvation we mean the heat which would 
be measured in an imaginary calorimetric experiment, this heat 
retained by the ion must first be subtracted. At room tempera- 
ture ZhT is 0-075 e-volt, which amounts to about 2 per cent, 
of the heat of solvation for a singly charged ion. In comparing 
the heat of solvation with the solvation energy for singly charged 
ions in aqueous solution, this roughly cancels out the 2 per cent, 
difference which was mentioned in the last paragraph ; and, in 
the present state of our knowledge, there is no need to tabulate 
separate values of the heat of solvation and the solvation energy. 
For doubly charged ions, however, there is still an appreciable 
difference between the numerical values of the two quantities. 

§3. HEAT OF SOLUTION OF IONIC CRYSTAL 

This introduction of an ion into a solvent from a vacuum is 
an artificial process, but the same arguments may be applied to 
the passage of ions into solution from the surface of a crystal. 
As the solution of a salt crystal is a process which has not yet 
been touched on in this book, it will be better, before ap- 
proaching the thermal effects, to look into the general features, 
beginning with uni-univalent substances. The solution of such 
a salt crystal is not unlike the dissociation of neutral molecules 
into pairs of ions. In the latter process we receive energy 
(W+WJ) after doing work per molecule equal to D. In the 
solution of the crystal we again receive energy (TF-{-TF_), 
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jhaving done work equal to the lattice energy per ion pair. 
In the case of a substance of higher valency we have a group 
of ions, whose solvation energies may add up to 20 or 30 
€-volts. We are interested in the amount by which the sum of 
these solvation energies will differ from the value of the 
lattice energy of the crystal. There seems to be room for 
considerable divergence, as each of the ions becomes solvated 
separately. We shall find, however, that there is actually very 
little latitude. In the first place, it was shown at the end of 
Chapter l that a good estimate of the lattice energy is obtained 
by supposing that each ion present in the crystal contributes 

a term — — (1 — l/iT), where K is the dielectric constant of the 

crystal, and a the radius of the volume occupied by the ion 
ia the crystal. But a good estimate of the solvation energy of 
each ion is, of course, obtained by a similar expression con- 
tainiug the dielectric constant of the solvent and the radius of 
the volume occupied by the ion in the solvent, which is nearly 
the same as that occupied in the crystal. We see then why the 
solvation energies of the various ions add up to a value not very 
different from the lattice energy, and why no large amount of 
energy is liberated, even in cases where the lattice energy 
amounts to 20 or 30 e-volts. When an ionic crystal is insoluble 
or very sparingly soluble in a certain solvent, it is because the 
sum of the solvation energies of the ions in this particular 
solvent is considerably less than the lattice energy. 

We may now begin to study the thermal effects by supposing 
that one surface of such a crystal is in contact with a polar 
medium of dielectric constant X. Let us fix attention on one 
particular ion which is a member of the surface layer of the 
lattice. If we begin to remove this ion into the solvent, we 
find that the electrostatic force of attraction between the ion 
and the surface is smaller than in a vacuum by a factor which 
depends slightly on the temperature of the medium. When the 
ion is at a distance x from the surface, let the value of this force 
be y when the temperature is T. The higher the temperature 
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the larger is y, since the lattice energy of the crystal is prac- 
tically independent of temperature, while the dielectric constant 
of the solvent decreases with increasing T. On plotting y 
against x, we again have a set of isothermals, as in fig. 37, 
accompanied by a set of adiabatics; and all the results of 
Chapter xn apply here. If we replace the ion on the surface 
at the lattice-point from which we took it, we receive back 
energy equal to the work which we did in removing it. But at 
the same time the polar medium is subject to a decreasing 
field, and the energy needed for disorientation of the dipoles 
is borrowed from the thermal energy of the medium. If this 
amount of heat absorbed is greater than the amount of potential 
energy dissipated, the heat of solution may be of opposite sign 
from the energy of solution, as in the case of heats of dissociation. 

These considerations are not only of theoretical interest, but 
they must also form the basis of any precise determination of 
the heats of solvation of ions firom experimental data. If we 
fix attention on a pair of ions lying on the smface of a crystal 
like NaCl, we can either take them into solution directly, or 
we can take them into a vacuum, and then plunge them into 
solution — a cycle devised by Fajans*. Just as the amount of 
work must be the same by either route, so must the amount 
of heat evolved or absorbed be the same by either route. The 
heat of solution of the crystal in a particular solvent at tem- 
peratme T must be equal to the algebraic sum of two quantities, 
the lattice heat and the heat of solvation — that is to say, [a) the 
amount of heat which must be supphed to the crystal at tem- 
perature T to break it up into its ions and leave them in a 
vacuum at long distances apart in a certain state, and {b) the 
amount of heat when we bring the ions from this intermediate 
state into the solvent at the same temperature T. 

In the intermediate state we can either take the ions to be 
at rest, or to possess kinetic energy appropriate to the initial 
and final temperature T. The value which we shall give to the 
heat of solvation of ions will depend on our definition, which 
* Verh. d. Devtsch. Phys. Oes. 21, 709 (1919). 
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we shall choose merely from considerations of convenience. The 
values of lattice energies and lattice heats which one finds 
tabulated in the hterature are all for ions left at rest. In order 
to use these tables it is convenient to define the heat of solvation 
as being for ions initially at rest in a vacuum, and finally in 
a solvent at temperature T and possessing the thermal energy 
appropriate to this temperature. 

§4. EVALUATION OP SOLVATION ENERGIES 

It is clear that the statements made at the end of § 1 are correct. 
If we are wanting only approximate values of solvation energies, 
these are connected with the lattice energy by an extremely 
simple relation; hut if we want more exact values, there are a 
■number of considerations to be made. As use is to be made ' 
of the heats of solution of crystalline salts, it was at any rate 
desirable that the relation between a heat of solution and the 
corresponding energy of solution should be clearly understood. 
We may now proceed to deal with the experimental data for 
ions in aqueous solution at room temperature, some of which 
are given in Table XII. 

As an illustration let us take the substance potassium fluoride 
in water as solvent. It is found that when KP dissolves in 
water at room temperature heat is evolved. Prom the observed 
values we find by extrapolation that the heat of solution at 
infinite dilution will be 0-18 e-volt per ion pair, or 4-1 kcal. per 
mol. The lattice heat of KF at room temperature is 8-13 e-volts 
or 187-5 kcal. per mol. Adding these together, we find that the 
heats of solvation of the ions K+ and P“ in water at room 
temperature must together amount to 8-3 e-volts per ion pair 
or 192 kcal. per mol. We see that the estimate which we made 
in Chapter i for the solvation energy of singly charged ions is 
in agreement with this experimental value. 

In selecting the substance KF as an example, we did so for 
a special purpose, for the empirical radii ascribed to the ions 
K+ and F“ by crystallographers are almost identical. If the 
heat of solvation of an ion depends only on the magnitude of 
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its charge and its radius, the heats of solvation of the ions 
K+ and F" in any solvent must he almost identical. For ions 
in a( 3 [ueous solution Bernal and Fowler* have put forward the 
view that, owing to the peculiar structure of water molecules, 
the heat of solvation of a negative ion will he some two per cent, 
greater than for a positive ion of the same radius. We may, 
therefore, divide the 8*3 e-volts into two nearly equal halves, 
and obtain for K+ the value 4-1 e- volts, and for F" the value 
4-2 e-volts. When in course of time we have more detailed 
information about ions in solution, we shall be able to check the 
accuracy of these values. 

The negative ion of iodine, being larger than F“, wiU have 
a smaller heat of solvation. From the lattice heat and heat 
of solution of crystalline potassium iodide we find that the heats 
of solvation of K+ and I~ together amount to 6-2 e-volts. Using 
the value 4-1 e- volts already obtained for K+ we find for I~ at 
room temperature the value 2-1 e- volts. In the same way we 
obtain for the bromine negative ion in aqueous solution the 
value 2-5, and for chlorine 2-8 e- volts. Proceeding from here 
to the chlorides of other elements, we can obtain the heat of 
solvation in water of every metallic ion for whose chloride the 
lattice energy and heat of solution are known. 

As the knowledge of the lattice energy of a crystal is the first 
requisite towards determining the solvation energy of its ions, 
we shall give a brief outline of the methods by which the values 
are obtained. It has already been mentioned in Chapter m that 
for very simple ionic crystals, like rock salt, the electrostatic 
energy is known; the repulsive forces and van der Waals’ forces 
having been calculated by the methods of quantum mechanics, 
values of the lattice energy are obtained, which are believed to 
be very accurate. For most crystals the lattice energy is ob- 
tained in terms of other experimentally measured quantities by 
means of a cycle devised by Bom, similar to that by which we 
obtained values of Y. Owing to an uncertainty about one of 
the quantities which occurs in this cycle (namely, the energy 
* J. Oh&m. Phys. 1, 535 (1933). 



172 


IONS IN SOLUTION 


of attachment of an electron to any halogen atom), this experi- 
mental cycle had first to be checked by comparing the values 
■which it gives for simple crystals with the values obtained by 
the other method. 

For most metallic elements the heat liberated when a quantity 
of the solid metal at room temperature combines chemically 
with chlorine, or other halogen, is known. The main idea of the 
Bom cycle is to make use of this chemical heat of formation to 
deduce the lattice energy of the resulting crystallme compound. 
The lattice energy is the work required to split the compound 
into its constituent ions. If, having done this, we transfer the 
electrons from the negative ions to the positives, and then allow 
these neutral substances to combine chemically, we get back to 
the crystal from which we started. This cycle is carried out by 
the folio-wing nine steps : 

( 1 ) Starting -with the crystal (a halide) at room temperature, 
we abstract heat from it until it reaches the absolute zero. 

( 2 ) We split the crystal iuto free ions at rest in a vacuum. 

(3) We remove the supernumerary electrons from the negative 
ions, and 

(4) transfer them to the positive ions. 

(5) We allow the halogen atoms to combine to form diatomic 
molecules, still at rest in a vacuum, and then 

( 6 ) bring this gas to room temperature at atmospheric 
pressure. 

(7) We bring the metalhc vapour up to room temperature, and 

( 8 ) condense the vapour to form solid metal. 

(9) We allow chemical combination to take place. 

To make comparisons between the lattice energies of different 
substances it is unnecessary to know all the steps in the cycle. 
For example, we can find the difference between the lattice 
energy of AgNOs that of KJSTOa without knowing the energies 

for the NO 3 radical or ion. Using this method we find that the 
heat of solvation of the Ag+ ion is nearly 1'4 e-volts greater 
than that of K+ — that is to say, 5-5 e-volts. 
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This value is of particular interest since at the beginning of 
this chapter we deduced the value of Y for Ag; using the 
observed value of (f) we found the value of Y to be 5-7 e-volts. 
We see then that for silver the values of Y and W in aqueous 
solution are nearly the same. Recalling that it is the value of 
{Y—W) which determines the strength of the double layer for 
equilibrium at a soluble electrode, we conclude that when a 
piece of silver is dipped into an aqueous solution containing 
Ag+ ions at a moderate concentration, only an extremely weak 
electrical double layer will be present at the interface. 

§5. THE ENERGIES OF ELECTRONIC LEVELS 

Having obtained numerical values of the solvation energies, we 
can at once find the positions of the electronic levels in positive 
and negative solvated ions. The first ionisation potential of the 
silver atom in vacuo is 7‘53 e-volts. In solution it will be 

—W = 7-5 — 5-5 = 2-0 e-volts. 

For aU singly charged positive ions in aqueous solution the 
value of («/— W) is remarkably small. 

Although the procedure of the last paragraph sounds quite 
logical, it should be pointed out that the determination really 
is made in the opposite direction. In the step (4) of the Born 
cycle given above the value of J’ has already been used. In 
fact, for any positive ion the Bom cycle reaUy gives us the 
value of (^ — PF), and it is by inserting the known value of J 
that we find W. With regard to the silver ion, it might more 
explicitly have been stated that, by a comparison with K+, we 
find that for Ag+ -the value of (j^ — TF) is 2-0 e-volts, and hence 
the value of IF is 7-5 — 2-0 = 5-5 e-volts. When the value of any 
required in vacuo is not yet known, as is the case for 

of both Fe and Or, the corresponding cannot yet be 

determined. 

By adding the values of 1F_ to those of , the values of 
. J_ for each of the halogen negative ions are at once found. For 
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Br~, and Cl~, we find that (j^_+ W_) has the values 5‘3, 
6-1, and 6-6 e-volts, respectively. It might be thought that we 
could at once use these values to discuss the compatibility of 
positive and negative ions — :to determine the species of positive 
ions which can co-exist with each of the halogen ions, by com- 
paring the energies of their vacant levels with the above values. 
We shall see, however, that in the case of the halogen ions an 
additional factor must be taken into account. 

Let us consider in greater detail what we mean by the 
ionisation potential of an ion in dilute solution. By the ionisation 
potential of the atomic negative ion X~ we mean the work 
required to remove the supernumerary electron and to leave 
the neutral atom X among solvent molecules, as it normally 
is in dilute solution. But consider now the situation if there 
happens to be another identical neutral 
atom X nearby, and if the element X is 
one which can form a diatomic molecule Xj . . 

We know that if we have two bromine 

atoms, or two iodine atoms, and if we plot 

the potential energy of the pair against 

their distance apart, we shall have a curve like that of fig. 42, 

the depth of the minimum being the dissociation potential D 

of the diatomic molecule Brg, or Ig, in solution. 

When we say that the work required to remove the super- 
numerary electron from any negative ion X~ is equal to 
we assume that we are leaving the neutral atom in 
a state whose energy corresponds to the horizontal line in 
fig. 42. But it is clear thait if there happens to be another neutral 
atom X nearby, at a distance represented by some point in 
fig. 42, the neutral atom may be left in a state of lower energy 
given by the distance of the curve below the axis. In this case 
the work required to remove the electron from the negative ion 
wiU have been less than normal, because the extra energy 
liberated during the process will have supplied some of the 
amount. When two negative ions are far apart, the total work 
required to remove an electron from each is twice {f_+ W_). 
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Wlien they are near together, the total work may be less 
than 

2(y_+W_), 

but cannot be less than 


Thus the work per ion, that is to say the ionisation potential, 
may be less than (J^_+ Tf_), but cannot be less than 

( 98 ). 

Suppose that we mix a solution containing a species of ion A++ 
with a solution containing bromine or iodine ions ; and suppose 
that the vacant electronic level of this positive ion is about 
half an e-volt higher than the normal position of the occupied 
level of the negative ion. Even in this case a positive ion is 
not immune from iavasion by an electron, because, as we have 
seen, under exceptional circumstances, the occupied level of the 
negative ion may become momentarily higher. It is true that 
every negative ion may make millions of encounters with the 
A++ ions, without transferring its electron. But smce m a 
solution of moderate concentration each ion will make at least 
10“ collisions per second with ions of opposite sign, it is clear 
that, even if only a fraction 10~“ of the encounters are effective, 
the reaction will take place almost instantaneously. If we were 
discussing rates of reaction, we should have to estimate the 
number of effective collisions. But here we are interested only 
in the final result. To determine this, we have simply to compare 
the vacant level of the positive ion, not with the normal 
J_ = J'^+W_, but with the most favourable value, which we 
may call J'_, and which is given by Tr_— ■|D). For the 

halogen ions the values are hsted in Table VIII. 

Table VIII 




in 

JL 

Iodine 

5-3 

0-77 

4-5 €-volts 

Bromine 

6*1 

0'98 

5-1 „ 

Chlorine 

6*6 

1*23 

5-4 „ 

Fluorine 

8-3 

1-37 

6-9 .. 
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Tor multiply charged positive ions, such as Fe+++, a similar 
question does not arise, since ions hke Fe++ formed from them 
by capture of an electron have no tendency to stick together. 
In discussing their electronic levels there is no value to be taken 
into account other than the usual . 

We can now begin to examine in detail the question of the 
species of ions which can co-exist in aqueous solution, and those 
which cannot. It is clear that if a particle has a vacant level 
lying between 4-6 and 5-1 e- volts, it can exist in the presence 
of the bromine ion, but wiU capture an electron from the 
iodine ion. When, for example, a dilute solution of a ferric salt 
is mixed with an equivalent solution of potassium iodide, most 
of the ferric ions capture electrons and remain in solution as 
Fe++, and neutral iodine is liberated.* Ferric bromide, on the 
other hand, is stable in aqueous solution, and wiU crystallise 
out in the form of a hydrate. 

We can, therefore, begin by placing the ionisation potential 
2J3 for Fe somewhere between 4-5 and 5*1 e-volts. And this 
enables us to fix roughly the positions of the electronic levels 
of the other ions in Table IV. It is clear that the values must 
run from less than 4 e-volts for chromium to nearly 6 e-volts 
for cobalt. The ions of Ce and Co, which have deeper vacant 
levels, wfil capture electrons not only from the iodine ion but 
from the bromine ion also, and perhaps from the chlorine ion 
as well. 

For none of the elements in Table IV have we the necessary 
data for evaluating Born cycle. In the case of 

titanium the ionisation potentials in vacuo are known accurately, 
but not the heats of formation and solution. For iron and 
chromium the heats of formation and solution are known, but 
not the third ionisation potential. Nevertheless we can find the 
value 2/3 for Fe and Cr. When dealing with singly charged ions, 
we pointed out that the Born cycle gives us the value of (j^ — IV) 

* For the behaviour of substances mentioned in the following chapters 
see MeUor, Comprehensive Treatise on Inorganic Chemistry, and Abegg, 
Handbuch der omorganAsehen Chmsie. 
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directly, even if the value of ^ is unknown. The same applies 
to multiply charged ions; the cycle gives us 
directly, even when is unknown. We can thus find the 
position of the vacant electronic level in the solvated Fe+‘''+ 
ion. According to the International Critical Tables the heats 
of formation and solution of FeCl^ together amount to 4-33 
€-volts, while those of FeCla amount to 5-66 e-volts. In the 
latter one more chlorine is involved, and hence an additional 
(./_+ W_ — ID) comes into the cycle. The change in the heat 
of solvation belonging to the change from Fe++ to Fe+++ is thus 

(5-66-4-33-5-4-f-2J^3) = (2^3-4-2) e-volts (99). 

The third ionisation potential of Fe in vacuo is beheved to be 
in the neighbourhood of 34 e-volts. The value of (99) is thus 
about 29 or 30 e-volts. To obtain the change in the solvation 
energy* we have to subtract the usual 2 per cent., or 0-6 e-volt. 
The approximate value of 2^3 has only been mentioned in order 
to make this step clear. The value of is obtained direct from 
(99), as ^ ^ 

We find, then, that the vacant level of Fe+++ lies, as it should, 
in a position to capture an electron from the iodine ion, but not 
from the bromine ion in aqueous solution. 

If we take from the International Critical Tables the corre- 
sponding values for CrCl2 and CrClj, namely, 6-13 and 7-37 
e-volts, we find that the change in the heat of solvation is 
(2J^3 — 3-2). For the third ionisation potential of chromium 
Landolt and Bbmstein’s Tables suggest 27 e-volts as a provi- 
sional value. This would put the value of 2W3 between 23 and 
24 e-volts, and 2 per cent, of this amounts to 0-47 e-volt. We 
thus find for chromium : 

2J3 = (3-2-1-0-47) = 3-67 e-volts (101). 

The vacant level of the solvated Cr+++ ion turns out to be rather 
more than IT e-volts higher than that of Fe+++. This is in 
excellent agreement with our interpretation of Table IV in' 

* Seep. 167. 
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Chapter x. The standard electrode potential given there for 
chrondum is 1-14 e-volts negative with respect to that for iron; 
and this, we saw, could only mean that the electronic level is 
higher by this amount. 

Using our values for Cr and Fe, we can now convert Table IV 
into a table of electronic levels. 



Table IX 

€-VOltS 

Cr 


3*67 

Ti 

>> 

44 

Fe 

>> 

4-8 

Ce 


5-6 

Co 

9 J •> 

5-9 


These values, together with the values of J'_ for the halogen 
ions, are shown in fig. 43 on page 189, the occupied levels being 
indicated on the left and the vacant levels on the right. 

When we consider Table IX as a whole, we notice that aU the 
values lie within a narrow range of energy whose hmits are 3-6 
and 5-9 e-volts. Among the metals which exist in aqueous 
solution in two successive stages of ionisation, m and m + l, 
there is none known having the value of J that lies outside this 
range. When we recall that among the ionisation potentials and 
solvation energies which together determine the J are values 
ranging from 20 to 40 e-volts, it is at first sight remarkable 
that aU the resultant values of J fall within this narrow range 
of energy. 


§6. HYDEOGEN IONS 

We saw above that in discussing the stability of singly charged 
ions, which on neutralisation will form neutral atoms, we must 
take into account any tendency of these neutral atoms to stick 
together. The formation of diatomic molecules on neutrahsation 
is not confined to negative ions, but occurs also in the formation 
of Ug molecules from positive hydrogen ions. When determining- 
the conditions under which hydrogen ions will capture an 
electron from another species of particle in solution, we must 
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follow a similar argument to that used for halogen ions. The 
normal energy of the vacant level of the hydrogen ion is 
Suppose now that hydrogen ions are making encounters with 
a species of particle possessing an occupied electronic level 
rather lower than this — a level from which the electron would 
not normally be transferred. The energy liberated when two 
separate hydrogen ions are neutralised is 2 {^—W); but since 
the atoms tend to form a molecule Hg, the energy liberated for 
a pair of ions may be more; but it cannot be greater than 
2 (c/— F')4-X), where D is the dissociation energy of the 
molecule. For the hydrogen ion the quantity [J> — W 
plays an important part, and in the next chapter we shall 
denote it by 


12-2 



CHAPTEB XV 


§1. EESTEICTIONS ON THE SPECIES OF IONS 

We have accumulated all the material to enable us to say 
under what conditions a species of ion can exist in solution. 
When we review the list of ions which are actually found, we 
must explain, not only why some species are not found at all, 
but also why some well-known species do not occur under par- 
ticular circumstances. Under this second heading we have 
already seen that some species of ions will be incompatible 
with one another — some positive ions will capture electrons 
from certain species of negative ions, but not from others. 
Then again, the presence of a soluble electrode often introduces 
a restriction on the degrees of ionisation of its own ions. Although 
an insoluble electrode will, as we have seen, come into equili- 
brixun with any mixed solution containing a metal in two stages 
of ionisation, this is not true of an electrode of the soluble 
metal itself. For most elements only one stage of ionisation 
can be in equilibrium with an electrode of the same metal — e.g. 
ferrous in contact with an iron electrode and not ferric ions in 
appreciable quantity, cupric ions in contact with copper and 
not cuprous. 

We may begin this subject by asking what are the most 
highly charged ions which are known to occur. It seems to be 
generally assumed that aqueous solutions of ceric salts contain 
four times ionised cerium, Ce++++ ions. And the most natural 
explanation of Hevesy’s experiment with plumbic salts, de- 
scribed in Chapter ix, is that the lead core becomes free in the 
form Pb++++. There seems to be no evidence to show whether 
for any element ions bearing five charges exist in solution or not. 

It is unnecessary to spend time discussing the absence of 
ions more highly charged than those which are found to occur 
for each element. We shall not expect to find ions of higher 
degree than A1+++, Ca++, Na+ and so on. To remove a further 
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electron involves breaking into a closed shell; and though the 
higher ionic charge would mean the usual increase in the solva- 
tion energy received, yet this increment would he insufficient 
to counterbalance the work done, which is exceptionally large 
in these cases, as seen in Table XI. It is only the missing ions 
of lower degree, like re+ and Ca+, that we need discuss. To do 
this we may begin by considering additional ways in which 
ions may disappear from solution. 

In a vapour we always take it for granted that we shah, not 
find some neutral atoms capturing electrons from their neigh- 
bours, spontaneously changing themselves into negative and 
positive ions according to the process 

A+A-^A- + A+ (102). 

When an atom A takes up an additional electron, to form A", 
the energy liberated is always less than the work required to 
ionise the same atom to A+. The process indicated in (102) there- 
fore requires work, and does not occur. 

Similarly, in a vacuum we do not find positive ions of any 
element capturing electrons from their neighbours according to 
the process .►A+t+A (103). 

The energy liberated when a singly charged ion captures an 
electron is always smaller than the work required to remove a 
second electron from the same, or from an identical ion, to 
form A++. As pointed out iu Chapter ii, successive ionisation 
potentials in vacuo are for each element progressively larger. 
Consequently the reaction (103) will go from right to left, but 
not from left to right. 

Turning now to ions in solution, we recall that for solvated 
ions the familiar progression in the ionisation potentials is often 
absent. The work to remove an electron from A+ may actually 
be less than the energy liberated when A+ captures an electron. 
In this case when one A+ ion collides with another, the vacant 
level of either ion is lower than the occupied level of the other 
and an electron may be transferred. Clearly a solution con- 
taining only singly charged A+ ions cannot exist. The reaction 
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( 103 ) will go from left to rigM with liberation of energy, and 
the number of A+ ions remaining in equilibrium with the A++ 
may be below the limit of detection. 

We can go on now to show that for metallic ions the condition 
is even more stringent. Even if work is required to convert 
two A+ ions into an A++ ion and a neutral A atom, this is not 
sufficient to ensure stabihty for a solution of A+ ions. For when 
the neutral atoms are formed, they will stick together to form 
a particle of metal, liberating energy equal to the sublimation 
energy S. Consider then a metal A for which a definite amount 
of work to convert the two A+ ions into A++ and a neutral 
atom A. Even then a solution containing only A+ ions wiU not 
be stable, if this amount of work is small compared with S; 
the ions wiU change over spontaneously to the higher valency 
with deposition of metal, until an equilibrium is reached. 

Although for simplicity we have discussed smgly changing 
over to doubly charged ions, the argument is applicable to a 
change from any degree m to degree m'. The salts of gold and 
of indium in a,queous solution seem to afford examples of this 
behaviour. Thus indium dichloride forms colourless crystals ; in 
water these do not go into solution as such, but are immediately 
decomposed into metallic indium and indium trichloride, which 
remains in solution: sinClg ^In+2lnCl3 ( 104 ). 

Indium dibromide deposits metallic indium in the same way. 
An aqueous solution of aurous chloride, AuCl, similarly deposits 
metallic gold, changing over to auric chloride, AuCl^, until an 
equilibrium is reached. 

§2. BESTRICTIONS IMPOSED BY THE SOLVENT 
In the preceding section we found a restriction in ionic species 
due to a factor which did not depend directly on the properties 
of the particular solvent molecules among which the ions were 
dissolved. We shall find, however, that more important restric- 
tions arise from the interaction between ions and solvent. In 
Chapter v we drew attention to the obvious fact that no ion 
could exist in a solvent if it possessed a vacant level lower than 
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the levels occupied by the valence electrons of the solvent itself. 
Since then we have taken into account the fact that some sol- 
vents are themselves dissociated into ions — into negative ions, 
each possessiug a supernumerary electron in a certain occupied 
level, and into positive ions, each having a vacancy for an 
electron in a certain level; from the fact that the solvent 
molecule dissociates into two ions, and not into two neutral 
particles, we know that the occupied level of the one is lower 
than the vacant level of the other. When dissolving any sub- 
stance, the existence of these solvent ions must not be neglected. 
The electronic levels of the dissolved particles must be con- 
sidered in relation to the vacant and occupied electronic levels 
of the solvent ions in a way similar to that which we followed 
among the solute ions themselves. 

The argument can be set forth most clearly by choosing some 
particular solvent to discuss ; for this we shall of course choose 
water, since for aU other solvents the data are very incomplete ; 
we shall have to discuss the electronic levels of the solute in 
relation to those of hydrogen and hydroxyl ions. Suppose we 
introduce into water a species of particle having an occupied 
electronic level higher than the vacant level of the (H30)+ ion. 
It does not matter whether this solute particle is a neutral 
atom, a negative ion, or a positive ion; let us caU the species A. 
When, on collision, an electron is transferred to a hydrogen 
ion, the neutralised H3O will split up into a hydrogen atom and 
a water molecule. Pure water contains, as we have seen, between 
10^3 and 10^* hydrogen and hydroxyl ions per c.c. This number 
is maintained constant by the continual dissociation of HjO 
molecules and the recombination of ions to form HjO mole- 
cules — ^processes which go on independently of one another. If 
we introduce into water a large number of the particles A, most 
of the hydrogen ions are neutralised immediately, and the 
recombination to form HgO is practically stopped. But the 
dissociation of the water molecules into ions goes on as before. 
The fresh crop of hydrogen ions produced by this continued 
dissociation will in their turn capture electrons from some of 
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the remaining A particles, and so on, nntil the number of A 
particles remaining is too small to be detected. 

We clearly have here a severe restriction upon the species 
of particles which can exist in aqueous solution; and we can at 
once go further. In the last paragraph we were supposing that 
the occupied electronic level of the A particle lay higher than 
the vacant level of (H 30 )+. But, as we have seen at the end of 
the preceding chapter, (H 30 )+ ions can capture electrons out of 
levels which are actually lower than the normal energy of their 
own vacant levels. This is because the H atoms have a tendency 
to form diatomic molecules similar to that of iodine atoms. In 
practice, however, the case of H 2 differs from that of iodine 
in several ways. In the first place, since the is a gas with a 
low solubility in water, unless it is prevented it tends to escape 
from the solution, however low its concentration. This escape 
is accompanied by a continual increase of entropy, which allows 
heat to flow into the solution from the surroundings and so to 
contribute towards the 0-59 e-volt needed for the dissociation 
of the water molecules. 

In the second place, in pure water the concentration of the 
hydrogen ions is much lower than could conveniently be used 
for iodine ions. And thirdly, the dissociation energy of Hj being 
4-48 e-volts, the value of which we have to introduce is as 
much as 2-24 e- volts; that is to say, the gap between Jg and 
J's is more than 2 e-volts. A particle having an occupied level 
whose energy falls in this gap will be unstable, but the position 
of the limit of stability is less clear-cut than in the case of iodine. 
According as the occupied level is high or low, the rate of transfer 
of electrons will be rapid or slow — perhaps too slow to be 
detected; the higher the occupied level, the more unstable will 
the particle be. The restriction due to the presence of hydrogen 
ions in water applies to both positive and negative ions. Whereas 
in a vacuum for most metallic elements the positive ions are 
known in various stages of ionisation, in aqueous solution some 
of these stages do not occur because the solvated ion possesses 
too high an occupied electronic level. 
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Taming next to the presence of hydroxyl ions in pure water, 
we see that the converse argument will apply. Any species of 
particle possessing a vacant electronic level lower than the 
occupied level of (OH)- will be unable to exist in aq[ueous 
solution. And we can again push the restriction somewhat 
further, since in exceptionally favourable collisions an electron 
can be transferred to a vacant level wMch is actually higher 
than the normal electronic level of (0H)~, the neutralised OH 
being removed by the formation of HjOg and O 2 molecules : 

20H-^H20a (105). 

Just as for a halogen negative ion J'_ differs from J_ by the 
amormt \D, so here for the hydroxyl ion we need to consider 
the appropriate J'_ which differs from its J_ by the maximum 
amount of energy that may be liberated per neutrahsed hydroxyl, 
i.e. one-half of the energy of the reaction (105). 

The presence of hydroxyl ions in water imposes a severe 
restriction on particles in aqueous solution, although the posi- 
tion of the limit is even less clear-cut than in the case of the 
hydrogen ions. The lower the vacant level of the particle, the 
more rapidly wiU it capture electrons from the hydroxyl ions. 

Combining this restriction with the previous one, we see that, 
to exist in aqueous solution, an ion must f ulfil two conditions : 
its highest occupied electronic level must he lower than the J' 
of the hydrogen ion, and its lowest vacant level must he higher 
than the J'_ of the hydroxyl ion. 

AJl the famihar ions in aqueous solution satisfy these two con- 
ditions, with a few exceptions which give metastable solutions. 

In passing, we may notice that for non-aqueous solutions 
similar hmitations must apply in every solvent which is self- 
dissociated into ions. Each solvent wiU impose its own limits, 
namely the values of J' and J'_ of the ions into which it dis- 
sociates. Unfortunately, the necessary data have not yet been 
collected, and we shah continue to discuss substances in aqueous 
solution. It was pointed out above that, when a solution is 
metastable, the evolution of Hg or Og wih be fast or slow 



186 


IONS IN SOLUTION 


according as the activation energy is small or large. These remarks 
were intended to refer to substances dissolved in pure water at 
room temperature, containing the ordinary number of hydrogen 
and hydroxyl ions. We know, however, that we can reduce the 
number of hydroxyl ions in water by any factor up to several 
million times ; we do this by adding an acid to the water, when 
most of the hydroxyl ions in the water will combine with some 
of the added hydrogen ions to form HgO molecules. When, there- 
fore, we have a solute like that discussed above, which liberates 
oxygen from water by electron capture from hydroxyl ions, we 
may by the addition of an acid enormously reduce the rate of 
reaction, perhaps beyond the point where it is perceptible at 
room temperature. 

Take, for example, the substance cobaltic sulphate. The green 
crystals 002(804)3.181120 dissolve in water, furnishing the 
cobaltic ion Co+++. The vacant level of this ion is so low that 
it captures an electron from ( 0 H)“ to form Co++, and oxygen 
is evolved briskly at room temperature. The rate of liberation 
of oxygen is, however, much smaller if dilute sulphuric acid is 
added to the solution, and smaller still if the temperature is 
reduced. 

At the other end of the scale, when we have a species of ion 
which is liberating hydrogen slowly by electron transfer, the 
situation is the converse of the above. Whatever be the rate of 
transfer in pure water, it will be accelerated by increasing the 
number of hydrogen ions, that is by the addition of an acid. 
For example, if we dissolve crystals of chromium disulphate or 
chromium dichloride in water, we obtain the doubly charged 
ion Cr++. The occupied electronic level in this ion has an 
energy lying in the gap between and that is to say, 
the occupied level lies well below the normal vacant level of 
(HjO)^, but not by an amount sufficient to give a completely 
stable solution. By loss of an electron the ion changes into the 
chromic ion Cr+++. The evolution of hydrogen is extremely 
slow at room temperature, but is accelerated by the addition 
ofHCl. 
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In this slow evolution of gas each hydrogen molecule has 
been formed by a process which, as we have seen, is of rare 
occurrence, involving the neutralisation of two hydrogen ions, 
followed or accompanied by the formation of a Hg molecule. 
In the solution this process only comes about through excep- 
tionally favourable encounters. The reaction will be accelerated 
if we provide a surface where H atoms may be adsorbed, and 
may readily combine with their neighbours. Thus if a piece of 
platinum is placed in an aqueous solution containing the ion 
Cr++, it is found that the change over to Cr+++ with evolution 
of hydrogen is much more rapid at the surface of the metal. 

The conditions needed for retarding the evolution of hydrogen 
are the converse of those for the retardation of oxygen. The 
number of hydrogen ions in pure water may be enormously 
reduced by the addition of a solution containing hydroxyl ions, 
which win combine with most of the hydrogen ions, to form 
water molecules. The life of the Cr+++ ions cannot, however, be 
prolonged by these means. When we add a solution containing 
(OH)“ ions, many of these, instead of combining with the 
(H 30 )+ to form HjO, combine with Cr to form (CrOH)+ and 
Cr(OH)2. 

What has been said in these paragraphs of the chromous ion 
appears to be true also of the ion of vanadium V++. In aqueous 
solution it changes over to V+++, liberating hydrogen slowly. 
The occupied level of this ion seems to have an energy very 
near that of Cr++. 

§3. THE LIMITS IN AQUEOUS SOLUTION 

We may pass on now to study the whole question quantitatively. 
A glance at Table VIII on page 175 shows us that the value of 
J'jg caimot be more than 4-5 e- volts; otherwise, the familiar 
aqueous solutions of iodides would not exist ; the iodine negative 
ions would rapidly lose their electrons. We shall, indeed, find 
that J'^ has a value smaller than this. By making use of the 
known heats of formation and solution of HCl, we can obtain 
the value of the heat of solvation of a hydrogen ion by means 
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of a cycle. Taking equal numbers of hydrogen atoms and 
chlorine atoms in a vacuum, we can combine them and then 
allow the HCl molecules to dissolve in a large quantity of water, 
which they will do in the form of solvated ions. Alternatively, 
starting with the H and Cl atoms iu a vacuum, we can transfer 
an electron from each H to Cl, and then plunge the H+ and Cl~ 
ions into water; the final result wiU be the same as before. In 
this way we find that the heats of solvation of H+ and Cl“ 
together amount to 14-9 €-volts, which means that the heat of 
solvation of the H+ ion is 12-1 e-volts. We may take the value 
of the solvation energy to be 12’0 e-volts. The value of — W) 
is thus (13-53 — 12-0) e- volts. Any species of particle having an 
occupied level at a depth of 2 e-volts, or even more, would very 
rapidly lose its electron. Since the dissociation energy of the 
molecule is 4-48 e- volts, the value of (J^- W+\D) for the 
hydrogen ion is found to be (13-53 — 12-0 -1-2-24) or 3-8 e-volts. 

The behaviour of the ion Cr++ is clearly consistent with this 
value. In Table IX we found that the occupied electronic level 
of this ion lies at about 3-67 e- volts. It is, therefore, a borderline 
case ; the transfer of electrons is very slow except under favour- 
able circumstances, such as at a surface where Hg molecules 
can be formed easily. 

Tig. 43 has already been referred to in the previous chapter. 
In this diagram the area above 3-8 e- volts on the left-hand side 
has been shaded; this is the range of energy where occupied 
levels are impossible in aqueous solution. Similarly, the other 
shaded area on the right-hand side shows the beginning of the 
energies where vacant levels are impossible in aqueous solution. 
Prom its behaviour we know that the cobalt ion Co+++ is a 
borderline case ; its vacant level lies certainly within the range 
of instability. 

Pig. 43 enables us to understand more clearly several features 
to which attention has already been drawn. We can see in greater 
detail the origin of the limitation which was mentioned in con- 
nection with Table IX and which was summed up in the 
empirical rule — Of the metallic elements which exist in aqueous 
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solution in two successive stages of ionisation the position of 
the electronic level concerned always lies in a narrow range of 
energy of which the upper and lower limits are roughly 3-6 


e- volts and 5-9 e- volts. Take any 
stable pair of ions, like re++ and 
Fe+++, and consider where their 
various electronic levels must fall in 
fig. 43. The occupied levels of both 
ions must fall below the upper shaded 
area. The vacant levels of both ions 
must fall above the lower shaded 
area. But we are now thoroughly 
familiar with the fact that the energy 
of the occupied level of Fe++ is identi- 
cal with that of the vacant level of 
Fe+++; both are, in fact, 2^3. The 
value of 2^3 for Fe must, therefore, 
lie between 3-6 and 6-9 €-volts. The 
same argument applies to the value 
of 2«/^3 for the other metals, and to 3J4 
for cerium, and so on; for an ion 
which exists in solution in any two 
successive stages of ionisation, m and 
m-f l, the particular which 

connects these two degrees must lie 
in this central range of energy. The 



rule does not apply to any Eig. 43 . Electronic energies in 

except this one. On the vacant level aqueous solution. For the 

of Fe++ there is no restriction other halogen negative ions the 

, , , „ values are thosa of J _• 

than that common to all vacant 


levels. The vacant levels of most of the familiar ions lie well above 


this central range of energy. On the occupied level of Fe+++ there 
is no restriction except that common to all occupied levels. The 
occupied levels of both positive and negative ions lie in most 
eases below this central region. Consider, for example, the nega- 
tive ions (lSr03)- and (SO^)". As we have seen, an aqueous solution 
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of cobaltic nitrate or sulphate is unstable, because the Co+++ ion 
tends to capture an electron from the hydroxyl ion; but it shows 
no signs of capturing an electron from the (NOs)' ions or from 
the (SOi)" ions, even when these are far more numerous than the 
hydroxyls. In each of these negative ions the occupied electronic 
level is apparently much deeper than the vacant level of the 
Co+++ion. 

In Chapter vni, in introducing the ferric-ferrous half-cell, we 
drew attention to the way in which an electrode may be used 
to extract electrons from Fe++ ions, and, conversely, how Fe+++ 
ions may be steadily converted to Fe++ by the passage of a 
current. We asked to what extent this behaviour could be 
elicited among other species of ions — a question to which we 
can now give a detailed answer; we can prescribe the conditions 
which must be present in order that we may induce an ion to 
take up an electron, or alternatively may extract an electron 
from it. To reduce the charge on any species of ion A++ 
in aqueous solution, we must cause electrons from the critical 
level of the metal to escape to these A++ ions without at the 
same time causiug them to escape to the (H 30 )+ ions present 
in the solution. But if the depth of the vacant level of the 
A++ ion is less than this will be impossible. For if we try 
to bring the vacant level of A++ below the critical level of the 
electrode, as in fig. 256, before this condition is reached electrons 
wiU already be escaping from the electrode to the (HaO)^ ions. 
It is for this reason that this electrode method cannot be used 
for reducing Fe++ to Fe+, nor A1+++ to A1++, nor Ca++ to Ca+. 

If we look next at the converse process, we see that in 
extracting an electron from a species of ion, we must do so 
without at the same time causing electrons from the (OH)“ 
ions to escape to the electrode. In the case of the Co++ ion we 
can only do this with partial success; and for a species of ion 
whose occupied level is stfil lower it will be impossible. 



CHAPTER XVI 


§ 1. THE ELECTROCHEMICAL SERIES 

It has long been kno-wn that the metals can be arranged in a 
series, such that each member in the list will displace from 
solution any metal occurring below it in the list. As usual, there 
are two methods by which this displacement may be carried 
out— by direct mixing, and indirectly by the use of a pair of 
electrodes. If, for example, zinc dust is shaken up in a solution 
of copper sulphate, the zinc goes into solution and an eq[uivalent 
amount of copper is deposited. The free electrons which be- 
longed to the metallic zinc wiU have been handed over to the 
copper. Alternatively, in the Daniell ceU the zinc goes into 
solution in one vessel, and electrons, flowing thence along the 
wire in the external circuit, settle down in the copper, which is 
growing by deposition in the other half-ceU. 

As usual, we may measure the reverse e.m.f. which, inserted 
m the external circuit, just prevents this spontaneous current 
from flowing. The results of such experiments may be expressed 
by ascribing electrode potentials to standard half-cells in the 
way described before; that is, by allotting to each half-cell an 
arbitrary number such that the difference between any two of 
these numbers gives m volts the value of the e.m.f. of the corre- 
spondmg cell. Table X gives a list of such electrode potentials 
for the metals in three different solvents, the value being in 
each case for the metal dipping into a solution containing its 
own ions at unit activity — a term which was explained in 
Chapter vn. The first column of figures gives the values in 
aqueous solution referred to the usual hydrogen electrode; the 
next column gives the values in methyl alcohol referred to the 
standard hydrogen electrode in methyl alcohol; and the last 
column gives the values in liquid ammonia referred to the 
standard hydrogen electrode m liquid ammonia. The values for 
the alkalis have been obtamed from measurements using 
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amalgams containing known quantities of the alkali metal; by 
a simple extrapolation one can calculate what would be the 

Table X 

Stakdard Electrode Potentials of the Metals in Water,* 
Methyl Alcohol,! and Liquid AmmoniaJ relative to 
Hydrogen Electrodes 

Methyl Liquid NHg 


Li 

Water 

-2-9595 

alcohol 

at - 50° C. 

Rb 

-2-9259 

— 

— 

K 

-2-924i 

~ 

-1*98 

Ca 

-2-76 

— 

— 

Na 

-2-7146 

-2-728 

-1-84 

Zn 

-0-7618 

— 

-0-52 

Fe 

-0-441 

— 

— 

Cd 

-0-4013 

-0-258 

-0-18 

T1 

-0-336o 

-0-379 

— 

Ni 

-0*231 

— 

— 

Sn 

-0-136 

— 

— 

Pb 

-0-122 

— 

+ 0-33 

H 

0-0 

0-0 

0-0 

Cu 

+ 0-344i 

+ 0-490 

+ 0-43 

Ag 

+ 0-7978 

+ 0-764 

+ 0-83 

Hg 

+ 0-7986 

— 

+ 0-75 

Au 

+ 1-36 

— 

— 


value for an electrode of the pure alkali metal itself; the fact 
that in practice only amalgams are used need not prevent us 
from discussing these values. 

§2. THE BEHAVIOUR OF A BIMETALLIC CELL 

We have seen in Chapter x that in any simple bimetallic cell 
the e.m.f. is the sum of three electrical double-layers. Of these 
three the double layer at the metal-metal contact in the external 
circuit turns out to be the most important, as first emphasised 
by Langmuir§ in 1916. Before discussing the electrodes of a 

* Int. Crit. Tables. 

t Buckley and Hartley, Phil. Mag. 8, 320 (1929), 

J Pleskov diXidMoxiOSBo]m.,ActaPhysicochimica, U.S,S.E. 2, 621 (1935). 

§ Langmuir, Trans. Amer. Electrochem. Soc. 29, 125 (1916); Butlet, 
Phil. Mag. 48, 927 (1924). 
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bimetallic cell, let us first consider pieces of any two metals, 
A and B, put into electrical connection through a third piece 
of metal M, fig. 44 a. When contact is made between A and M, 
their electrons at once become levelled up, as in fig. 14 c; and 
in the same way, when contact is made between B and M, their 
electrons are levelled up too. It follows then, that if we fix 
attention now on the metals A and B, we shall find that their 
electrons are already levelled up, as if they were in direct con- 
tact with each other. By putting 
both A and B into contact with the 
metal M, we have already brought 
the tops of their electron distribu- 
tions to the same level. 

If now the free end of the metal A, 
fig. 44 a, is made to touch the free 
end of B, no passage of electrons 
across the new junction will take 
place — or rather, the movement of 
the free electrons will be equal in the 
two directions. Electrical double 
layers exist at the junctions A-M 
and B-M, and the sum of the 
strengths of these two double layers has of necessity the value 
which exactly levels up the electrons in A and B. 

With this example let us now contrast the situation of the 
metal electrodes A and B of any simple bimetaUio cell, fig. 44 6. 
These electrodes are in electrical coimeetion with each other, 
not through any metallic conductor, but through the conductiug 
solutions /S. At the interface between the metal A and the 
hquid S there may be an electrical double layer, and there may 
be another double layer between S and B. If the strengths 
of these double layers are called andF^, there is no reason 
why the sum V^+Vg should have the value which levels up 
the electrons in the metals ; in general it does not. Consequently, 
when the free ends of A and B are put into contact, electrons 
stream from A to B, or vice versa. The first essential property 
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Fig. 44 
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of the electrolyte in any bimetallic cell is that it enables us to 
put two different metals into electrical connection with each 
other without levelling up the free electrons in them. Secondly, 
when, on contact, electrons are transferred from one metal to 
the other, the electrolyte prevents this flow of electrons from 
being a merely transient effect. 

Since the work function of any piece of metal is independent 
of the size of the piece, the value of the contact p.d. between 
any two pieces of metal will be iudependent of their sizes. If, 
when contact is made between the two ternainals of a bimetallic 
cell, electrons are transferred from A to B, the positive charge 
which grows on A immediately causes positive cores of the 
metal A to go into solution. The result is merely that the size 
of the piece of metal A has been diminished ; it is stiU electrically 
neutral, the positive cores having left by one route, and the 
electrons by another. Simultaneously the size of the piece of 
metal B has been increased by deposition of ions of B, and by 
receiving the electrons from A. The electrical condition of each 
piece of metal is, therefore, the same as before. We see that as 
far as the metal-metal contact is concerned the situation is 
unchanged, since the strength of the electronic double layer is 
independent of the si?;es of the pieces of metal involved. The 
transfer of electrons across the junction, instead of tending to 
bring about the deadlock of fig. 14 c, has done nothing to level 
up the electrons. The flow of electrons accordingly continues. 

The part played by the metal-metal contact can best be 
illustrated by considering what happens when we couple to- 
gether two particular half-cells. As one of these half-cells we 
may take the silver electrode which has already been mentioned 
in Chapter xiv. We saw there that for Ag+ in aqueous solution 
the value of W is about 0-2 €-volt greater than the value of Y ; 
and that, consequently, when a silver electrode is dipping into 
a solution containing its own ions at moderate concentration 
an electrical double layer of strength 0-1 e-volt, or less, will 
suffice to bring about equilibrium at the interface. The electronic 
work function of metallic silver is said to be 4-74 e- volts. 
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As soon as accurate values of ^ are available for a greater number 
of metals it will be possible to give a more detailed discussion 
of this subject. For the alkali metals different workers agree in 
finding values of ^ in the neighbourhood of 2*0 c-volts. The 
strength of the electronic double layer at the contact between 
a silver electrode and an electrode of an alkali metal would 
accordingly amount to about 2*7 €- volts. That is to say, the 
electrode potential to be allotted to the alkali metal in Table X 
would be as much as 2*7 e- volts negative with respect to the 
silver electrode in virtue of the metal-metal contact alone. 
Actually, as will be seen from Table X, the values allotted to 
Na both in aqueous and methyl alcohol solutions are more than 
3*4 e-volts negative with respect to silver. This is due to the 
fact that in both these solvents the solvation energy of the Na+ 
ion is greater than Y, so that (W —Y) is a positive quantity 
and makes a contribution to the e.m.f. which is added to the 
metal contact potential difference. On the other hand, in liquid 
ammonia the electrode potential allotted to Na is 2*8 €-volts 
negative with respect to Ag, which is little more than the 
difference in the electronic work-functions of the two metals. 

§3. ENERGY AND E.M.F. 

The traditional idea of the working of a bimetaUic cell is very 
different from the description which has just been given. 
According to the theory tentatively put forward by Xernst in 
1889, when any noble metal, that is any metal near the bottom 
of Table X, is dipped into a solution containing its own ions 
at moderate concentration, some ions are deposited on the 
metal, setting up a double layer positive outwards. This be- 
haviour was said to be in direct contrast to that of any base 
metal near the top of the series, which throws ions into solution 
and acquires a double layer positive outwards. The electro- 
chemical series of the metals was supposed to arise from these 
contrasted modes of behaviour, the e.m.f. of any simple bi- 
metallic cell being just the algebraic sum of these double layers 
at the metal-solution interface in each half-ceU. In many 


13-2 
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text-books the electrode potential of a metal is regarded as 
being a measure of the ‘^difference of potential between a metal 
and a solution containiag its own ions’’. 

On the other hand, as we have seen, the electrochemical 

'' 

series of the metals seems to be a matter of their characteristic 
electronic work functions, the elements in the lower half of 
Table X being those with large values of <f>, and those near the 
top of the series having a small value of When coupled 
together, the former provides the positive, and the latter the 
negative terminal of the cell. When the external circuit of a 
bimetallic cell is closed, free electrons from the baser metal tend 
to spill over into the vacant electronic levels of the nobler 
metal which has a larger as illustrated in fig. 14 a. This is 
often helped by the additional contribution from the interfaces 
inside the cell. But if in any cell this contribution were zero 
there might stfil be a large e.m.f. arising from the strength of 
the double layer at the metal-metal contact alone. ' 

When a cell is generating a current, however small, energy 
is bemg used up at a definite rate. If, for example, the current 
flowing is exactly 10“’’ ampere, and energy is being expended 
at the rate of S' ergs per second, the value of the e.m.f. of the 
cell in volts is just S. Or, in other words, if S ergs are available 
for the transfer of 10“’ coulomb, the e.m.f. of the cell is S volts, 
one watt being equal to 10^ ergs per second. According to this 
view the characteristic e.m.f, of a cell is determined by the 
amount of energy available per unit charge transferred, the 
dimensions of an e.m.f. being “energy divided by electric 
charge”. The energy is, of course, derived from the chemical 
reaction taking place inside the cell, the replacement of one 
metal in solution by another— in the Daniell cell the replace- 
ment of copper by zinc— a reaction which may be performed 
directly by shaking up finely divided metal in a solution con- 
tainmg ions of the other metal. In this case the energy is con- 
verted into heat: 

Cu++-f Zn^gj-g^i CUm^jjj-)-Zn++ -1-60,110 calories 

(106). 
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It is well known that if the 50,110 calories is divided by the 
total charge transferred, namely two faradays, the restdt is 
1*09 volts, which is equal to the e.m.f. ef of the ceE. In a cell 
whose e.m.f. varies with temperature, the heat evolved in the 
equivalent reaction at temperature T is given by . the Gibbs- 
Hehnholtz expression 

In any cell the metal-metal contact in the external circuit 
seems to have no connection with processes taking place inside 
the cell, and to be incapable of supplying energy for driving the 
current. This gave rise to the idea that the strength of the 
double layer at this contact could form no appreciable part of 
the total e.m.f. Yet we have seen that it often forms the major 
part of the e.m.f. and must then furnish the major part of the 
heat of reaction. In a particular ceU it might even furnish the 
whole of the e.m.f. and the whole heat of reaction. To show that 
there is really no objection to this conclusion, we may consider 
once more the energy liberated when an ion goes into solution 
from a metal surface. In fig. 27 we saw that in the absence of 
an electrical double layer at the interface this is equal to 
(W—Y); and in the presence of a layer of strength V it is equal 
to (W —Y +neV) or {Z+neV). When ions are deposited, the 
energy liberated per ion is the same with opposite sign. 

Suppose then that at a zinc surface where zinc cores are going 
into solution there exists a double layer having any arbitrary 
strength which we may call and that at a copper surface 
where Cu++ cores are being deposited there is a layer of strength 
Vo.- If one Cu core is deposited and one Zn core goes into 
solution, the energy liberated is clearly 

(■Z^Zn. + 2 ep 2 ii) — (Zcu-f- 2eFcu) = 2e (Izri”1^0u)” (^Cii“-^Zn) 

(107). 

Suppose now that the reaction is taking place by direct mixing, 
and that fig. 45 represents a particular grain of zinc with a 
film of copper on its side; the zinc is steadily dissolving and 
the copper film is growing by deposition. Let 8 be any point 
in the solution near the edge of the copper film, C any point 
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in the film and 1 any neighbouring point in the zinc. The 
difference of electrical potential between the points Z and G is, 
of course, equal to the p.d. between Z and 8 minus the p.d. 
between G and 8. Since both metal 
and solution are conductors, any 
p.d. between Z and 8 is equal to 
the strength of the surface double 
layer which we have called 
and any p.d. between G and 8 is 
equal to Vq^. Hence the p.d. be- 
tween Z and C/is equal to (P^n — Fc^) . 

If we consider the potential 
energy of an electron along the 
lin e ZG through the two metals, we see that it is given by a 
curve like fig. 14 c; the strength of the electronic double layer 
at the junction of the metals is equal to The poten- 

tial' difference between the points Z and G is equal to the 
strength of this double layer; we may, therefore, substitute for 
(Tzn-Fcu) in (107) and obtain for the energy liberated the 
value 

(<^Cu“'^Zn)“(^Cu~'^Zn) (108). 

This is the value per divalent ion; the energy per electronic 
charge transferred will be half of this. For any pair of metals 
whose ionic valencies are and %, the heat of reaction per 
electronic charge will he 

( 109 ). 

The quantity (Y—W) which we have been using applies to the 
lowest level of the ions, and we have been neglecting the effect 
of any difference between the thermal energy of one species of 
ions and the other. But, as kT is only 0-025 e-volt at room 
temperature, this does not affect the argument. Since the 
second term in (109) is often small compared with the first, we 
see that there is certainly no objection to the idea that the 
metal-metal contact in the external circuit of a cell may provide 
the major part, or even the whole, of the e.m.f. of the cell. 
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An objection of a different kind has som^iihesj been ur ged 
against this point of view. It is pointed out that 
mental measurement of (/> for a metal it is difBcult to get repro- 
ducible results owing to the presence of adsorbed films; and 
it is argued that the whole metal-metal contact potential must 
be unimportant, otherwise wide fluctuations in the e.m.f.s of 
cells would result. This objection rests on a complete misunder- 
standing. To measure the e.m.f. of a cell, we close the external 
circuit by means of a potentiometer wire. At each junction 
the top of the electron distribution in the interior of one metal 
becomes leyelled up with that in the other, as in fig. 14 c; and 
it makes not the slightest difference to the resultant double 
layer whether impurity atoms are present at the junction or not. 

The same is true when a metal is in contact with a solution. 
Take for example a platinum electrode dipping into a standard 
ferric -ferrous solution. In order that there may be equilibrium 
there must be a double layer of strength (/ where ^ is the 
characteristic work function of clean platinum. If, to take an 
extreme case, due to adsorbed atoms there were on the surface 
of the platinum already an electrical double layer which hap- 
pened by chance to have just this required strength, then on 
dipping the metal into the solution there would be equilibrium 
without the customary transference of charge which usually 
sets up the necessary double layer. If, on the other hand, the 
sign of the initial double layer on the platinum is the opposite 
of that required, then on dipping the metal into the solution 
an abnormally large transference of charge takes place until 
again the strength of the layer reaches the required value 
(J— ^). The values of the work functions with which we deal 
are always those characteristic of clean metals. The same is 
true if a preferential orientation of solvent molecules against 
the electrode surface gives rise to a double layer; the necessary 
strength of the total double layer is unchanged. 

We shall conclude this chapter by considering one more problem 
in the same field. In Chapter x, in discussing a ceU containing 
an insoluble electrode in eacb half-cell, we took the two elec- 
trodes to be of the same metal. But this need not be so; one 
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electrode may be of platinum, with <;i = 6-3 e-volts, while the 
second electrode is of some other insoluble metal with its own 
characteristic work function. Even if dissimilar electrodes are 
never used in practice, it is important that the properties of 
such a cell should be understood in detail. For we saw in ex- 
pression (50) that, in a half-ceU of this kind, the strength V 
of the electrical double layer at the metal-solution interface 
depends on the value of ^ of the electrode. Suppose first that 
two electrodes of different metals are dipping into identical 
mixed solutions, containing a certain metallic ion in two stages 
of ionisation. The value of <f> in one half-cell will be different 
from that in the other. On the metal with the smaller c/) the 
double layer will be more positive inwards. This difference in 
the strengths of the double layers would give rise to an e.m.f. 
of the magnitade , ( 7 ^. 7 ,) . _ („ 0 ), 


were it not for tlie fact that in the external circuit there is a 
metal contact p.d. which has the equal and opposite value 
~4>s)- three double layers exactly cancel each other out, 
and the e.m.f. of this cell is zero, as indeed it must be if the 
mixed solutions are identical, since there is no energy nor change 
of entropy to drive the current. 

We may pass on next to a cell where not only the insoluble 
electrodes are different, but also the species of ions; let each 
half-cell contain a standard mixed solution, the ionisation 
potentials being and J^, as in (50). The strength of the 
double layer 7^ now differs from 7 ^ by the amount 

^ (Ill)- 

But when we come to consider the whole e.m.f. of the cell, the 
second term is exactly cancelled by the third double layer in 
the external circuit, leaving a total e.m.f. equal to , as in 

(51). In the list of experimental oxidation-reduction potentials 
given in Table IV it was not stated what metal was used as the 
electrode; nor was there any need to do so; when any of these 
half-cells is coupled to a standard half-cell, the e.m.f. of the cell 
will not depend on what metal is being used as the insoluble 
electrode, although the component double layers will be different. 
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Stjccessive Ionisation Potentials vacuo (Compaee Fig 

Electron-volts 


1 

H 

— 

13*53 

— 

— 

— 

2 

He 

— 

24*47 

54*14 

— 

— 

3 

Li 

— 

5*36 

75*26 

121*84 

— 

4 

Be 

— 

9*28 

18*12 

153*11 

216*63 

5 

B 

— 

8*25 

25*00 

37*74 

258*03 

6 

C 

— 

11*20 

24*26 

47*64 

64*17 

7 

X 

— 

14-46 

29*44 

47*20 

72*04 

8 

0 

— 

13*55 

34*94 

54*63 

77*03 

9 

F 

4-1 

18*6 

34*81 

62*35 

86*72 

10 

Xe 

— 

21-47 

40*91 

63*3 

(97) 

11 

Xa 

— 

5*11 

47*07 

71*31 

98*41 

12 

Mg 

— 

7*61 

14*96 

79*74 

108*77 

13 

A1 

' — 

5*96 

18*73 

28*31 

119*39 

14 

Si 

— 

8*08 

16*26 

33*33 

44*92 

15 

P 

— 

IMl 

19*80 

30*02 

51*1 

16 

S 

— 

10*31 

23*29 

34*88 

47*08 

17 

Cl 

3*8 

12*96 

23*10 

39*71 

53*20 

18 

Ar 

— 

15*69 

27*72 

40*72 

— 

19 

K 

— 

4*32 

31*7 

48*37 

(62*5) 

20 

Ca 

— 

6*09 

11*82 

50*9 

69*9 

21 

Sc 

— 

6*7 

12*8 

24*63 ' 

74*3 

22 

Ti 

— 

6*81 

13*6 

27*6 

43*06 

23 

V 

— 

6*76 

14*1 

26*4 

(48) 

24 

Cr 

— 

6*74 

16*6 

(27) 

(50) 

25 

Mn 

— 

7*39 

15*70 

(32) 

(52) 

26 

Fe 

— 

7*83 

16*16 



27 

Co 

— 

8*5 

17*3 

— 

— 

28 

Xi ■ 

— 

7*61 

18*2 

— 

— 

29 

Cu 

— 

7*68 

20*2 

29*5 

— 

30 

Zn 

— 

9*36 

17*89 

39*5 

— 

31 

Ga 

— 

5*97 

20*43 

30*6 

63*8 

32 

Ge 

— 

8-09 

15*9 

34*1 

45*5 

33 

As 

— 

10*5 

20*1 

28*19 

49*9 

34 

Se 

— 

9*70 

— 

— 

— 

35 

Br 

3-6 

11*30 

— 

(26) 

50*0. 

36 

Kr 

— 

13*94 

24*47 

36*8 

— 

37 

Rb 

— 

4*16 

27*3 

— 

— 

38 

Sr 

— 

5*67 

10*98 

(42*8) 

— 

39 

Y 

— 

6*5 

12*3 

20*4 

— 

40 

Zr 

— 

6*92 

13*97 

24*00 

33*8 

47 

Ag 

— 

7*54 

21*9 

29*25 

— 

48 

Cd 

— 

8*96 

16*84 

38*0 

— 

49 

In 

— 

5*76 

18*81 

27*91 

57-8 

50 

Sn 

— 

7*30 

14*52 

30*49 

40*5 

51 

Sb 

— 

8*35 

(18) 

— 

— 

52 

Te 

— 

8*96 


29*5 

— 

53 

I 

3-2* 

10*44 

— 

— 

— 

54 

X 

— 

12*08 

(24) 

— 

— 

55 

Cs 

— 

3*87 

23*4 

— 

— ' 

56 

Ba 

— 

5*19 

9*95 

(35*5) 

— 

Mayer 

and Helmholtz, 

Zeit. f. 

Phys, 75, 

29 (1932); Sutt 


Mayer, J. Chem, Phys, 3, 20 (1935). 


and 
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IONS IN SOLUTION 





Table XII 






Ionic Crystals 





Lattice 

Thermal 

Heat of 





energy at 

energy at 

solution at 

(TF+T7J inHaO 



K.* 

291° K. 

291° K. 

at 291° 

K. 



kcal. 

kcal. 

kcal. 

kcal. 

e-volts 

NaF 


213-4 

1-9 

-0-6 

210;, 

9-1 

NaCl 


183-1 

2-4 

-1-3 

179-4 

7-8 

NaBr 


174-e 

2-5 

~0-2 

171-b 

7-5 

Nal 


163-9 

2-8 

4-1-4 

162-5 

7-0 

KF 


189-, 

2-2 

-f 4-1 

191-5 

8-3 

KCl 


165-4 

2-5 

-4-4 

168-5 

6-9 

KBr 


159-3 

2-7 

-5-1 

161-5 

6-6 

KI 


150-8 

2-8 

-5-1 

142-5 

6-2 




Table XIII 



Heat of 

Solvation 

IN Water, at 18° C. in Electron-volts 

F~ 

4*2 

K+ 

4-1 

Be++ 2€-4 

Ni++ 

22-4 

CU 

2*8 

Bb+ 

3-8 

Mg++ 21-2 

Cu++ 

23-3 

Br- 

2*5 

Cs+ 

3-5 

Ca++ 17-7 

Zn++ 

22-9 

I~ 

2*1 

Ag+ 

5*5 

Sr++ 16-6 

Cd++ 

20-1 

Li+ 

6-1 

T1+ 

4-7 

Ba++ 16-0 

Hg++ 

20-8 

Na+ 

5-0 

H+ 

12-1 

Fe++ 21-7 

A1+++ 

50-0 





Co++ 22-6 

In+++ 

42-5 


Table XIV 

Energies of Metals in Electron* 

•VOLTS 


Sublimation 

energyt 

Electronic 
work functionj 


Cs 

0-84 

1-9 

2-7 

Bb 

0-87 

2-1 

2-9 

K 

0-94 

2-2 

3-0 

Ag 

2-9 

4-7 

5-7 

Co 

3-7 

4-1 

21-3 

Pt 

5-44 

6-3 

— 


* Born, Mayer and Helmholtz, loc, cit 
t Sherman, Chem. Rev, 11, 93 (1932). 

} Physical Rev, vols. 32, 38, 41 and 45, 
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Table XV 

Constants and Convebsion Factobs 


Electronic charge 

£ = 4-77x 

10-10 

e.s.u. 

Planck’s constant 

i, = 6*55 X 

10-27 

erg sec. 

Boltzmann’s constant 

c=l*37x 

10-16 

erg 

Avogadro’s number 

= 6-06x 

1023 

Number of electrons in one coulomb 

= 6-3 X 

1018 


One electron-volt 

= l*59x 

10-12 

erg 

One electron-volt per molecule 

= 23,050 

' cals. 

per mol. 
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